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ABSTRACT
The broad goal of the research described in this thesis was to better understand the potential
for biologically mediated production of p-cresol in groundwater at a Superfund site located in
south Louisiana. Previous literature reports that microorganisms known to carry out the
transformation from L-tyrosine to p-cresol occur in diverse environments.
In the research described in this thesis, studies were conducted utilizing groundwater from
the Superfund site during the course of enhanced in situ bioremediation practices aimed at
stimulating reductive dehalogenation of chlorinated solvent contamination. Microbial
communities established with groundwater sampled from the Superfund site were observed to
biogenically produce p-cresol when provided with either L-tyrosine or 4-hydroxyphenylacetic
acid.
When provided with 350 mg/L 4-hydroxyphenylacetic acid, cultures established in liquid
media consistently accumulated p-cresol concentrations with approximately stoichiometric
conversion from 4-hydroxyphenylacetic acid in under 30 days. Experiments performed with a wide
range (0-2000 mg/L) of starting 4-hydroxyphenylacetic acid concentrations supplied to the
enrichment cultures revealed a high correlation between p-cresol accumulation and 4hydroxyphenylacetic acid consumption during a 45-day incubation period.
When provided with 350 mg/L L-tyrosine (as opposed to 4-hydroxyphenylacetic acid),
enrichment cultures established in liquid media accumulated p-cresol, however, the degree of
transformation varied widely, ranging from less than 1% to approximately 100% stoichiometric
conversion from L-tyrosine. Subsequent studies revealed that a portion of the tyrosine was
converted into phenol and in some cases, a portion of the L-tyrosine remained untransformed.
v

In order to distinguish between the unresolved m- and p-cresol isomers determined during
routine laboratory analysis, GC/MS mass spectra and HPLC analyses were conducted to verify the
compound identity. Results from these studies indicated with a high degree of confidence that pcresol was the isomer present and m-cresol was not observed (<1 mg/L) in any groundwater or
enrichment culture tested.
Collectively, results presented in this thesis indicate that indigenous groundwater microbial
communities are capable of producing p-cresol when supplied with L-tyrosine or 4hydroxyphenylacetic acid. Further research is necessary to elucidate the metabolic pathways
involved in p-cresol production in site groundwater as well as the microorganisms responsible.
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CHAPTER 1. INTRODUCTION
1.1. Overview
The aromatic compound p-cresol (C7H8O, 4-methylphenol) is used in a variety of chemical
manufacturing processes (ATSDR). Aside from anthropogenic sources, numerous reports in the
scientific literature have demonstrated that p-cresol can be biologically produced from specific
aromatic precursors under anaerobic conditions. Several microorganisms are known to transform
the amino acid tyrosine to p-cresol (Bone et al., 1976). The US EPA has classified p-cresol as a
possible human carcinogen, and multiple studies have linked p-cresol with adverse health effects
(Meijers et al., 2008; ATSDR).
During an in-situ bioremediation practice at a south Louisiana Superfund site contaminated
with chlorinated solvents, a readily fermentable substrate (agricultural feed grade cane molasses)
was injected into the subsurface in an effort to stimulate anaerobic reductive dechlorination of
halogenated alkanes and alkenes. Subsequently, the aromatic hydrocarbon toluene was detected,
transiently increasing to concentrations that in many cases far exceeded the US drinking water
maximum contaminant level (MCL) of 1 mg/L. Laboratory studies demonstrated that microbial
populations indigenous to the site were able to produce toluene when supplied with phenylacetic
acid or phenylalanine (Moe et al., 2018). Because potential precursors that could account for the
tens of mg/L observed at the field site were not present in molasses samples tested, it was
speculated that protein hydrolysis during endogenous decay of bacteria in the vicinity of the
injection wells may have released phenylalanine that was ultimately converted to toluene (Moe et
al., 2018). If such an endogenous decay process were to occur, then release of tyrosine could
plausibly result in in situ production of p-cresol.
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1.2. Objectives
The overall objective of the research described in this thesis was to better understand the
potential for biological p-cresol production to occur in groundwater at a Superfund site in south
Louisiana where a readily fermentable substrate has been repeatedly injected into the subsurface
in an effort to stimulate anaerobic transformation of chlorinated alkenes and alkanes. To achieve
this objective, the research was divided into four tasks that involved:
(1) Groundwater sampling and analysis for select wells at the Superfund site to evaluate the
duration and extent of p-cresol accumulation after molasses injections.
(2) Evaluation of indigenous groundwater microbial populations’ ability to produce p-cresol
under laboratory conditions.
(3) Establishment and propagation of enrichment cultures with the ability to produce p-cresol
under laboratory conditions.
(4) Assessment of the ability of enrichment cultures to utilize various phenyl precursors to
produce p-cresol.
1.3. Thesis Organization
Chapter 2 of this thesis contains a literature review that provides a brief overview of pcresol’s uses, health hazards, environmental regulation, and physiochemical properties. Chapter 2
also contains a review of known biological routes for p-cresol production and degradation and the
organisms and enzymes involved in these processes. Chapter 3 describes the experimental methods
for laboratory studies as well as the field monitoring location. Chapter 4 describes results from
field monitoring and experiments performed on groundwater-derived enrichment cultures to
evaluate p-cresol accumulation in a dilute groundwater plume emanating from a Superfund site.
2

Chapter 5 describes results from field monitoring and experiments performed on groundwaterderived enrichment cultures in the near source zone area of a Superfund site. Chapter 6 provides
overall conclusions and recommendations for future research.
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CHAPTER 2. LITERATURE REVIEW
2.1. Overview of p-Cresol’s Industrial Use, Health Hazards, and Environmental Regulations
The aromatic compound p-cresol (4-methylphenol) is used in the formulation of
antioxidants and in the fragrance and dye industries (ATSDR). Industrial uses and anthropogenic
sources of p-cresol are vast and include uses in plastics, pharmaceuticals, herbicides,
agrochemicals, disinfectants, and many industrial processes such as coal tar distillation, production
of wood preservatives, and a variety of synthetic processes (ATSDR). Ambient air generally
contains low levels of mixed cresols (o-, m-, and p- isomers) originating from automobile exhaust
and oil refineries (U.S. EPA, 2000). p-Cresol is also found at low levels in many foods, and is
present in wood, tobacco smoke, and crude oil. Physiochemical properties of p-cresol are provided
in Table 2.1.
Several animal studies involving acute exposure to p-cresol demonstrate that short-term
exposure to high doses of p-cresol can result in respiratory tract and eye irritation, adverse effects
on the liver, kidney, and central nervous system, and showed that p-cresol has high acute toxicity
from oral exposure (EPA Factsheet, 1999). Several deaths have been reported following ingestion
of cresol-containing disinfectants (ATSDR). Animal studies have also revealed that chronic
exposure can result in adverse effects on the blood, lungs, liver, kidneys, and central nervous
systems. The US EPA classified p-cresol as a pollutant of group C (possible human carcinogen)
under the weight-of-evidence classification system (EPA Factsheet, 1999).
The US EPA reference dose (RfD) for oral exposure to p-cresol, initially introduced in
1988, was withdrawn in 1991 after further review (IRIS). The isomers m- and o-cresol currently
4

have oral RfDs of 0.05 mg/kg/day. While the Integrated Risk Information System (IRIS) database
oral RfD for p-cresol has not been updated since it was withdrawn in 1991, US EPA has a
provisional subchronic reference dose (p-RfD) for p-cresol of 0.02 mg/kg/day based on a No
Observed Adverse Effects Level (NOAEL) of 5 mg/kg/day from a maternal toxicity study in
rabbits and a composite Uncertainty Factor (UF) of 300 (EPA, 2010). The provisional RfD is a
value that has had some form of Agency review, but it does not appear on IRIS. Confidence in the
key study is medium and therefore confidence in the subchronic provisional reference dose (pRfD) is medium (EPA, 2010).
In addition to regulation at the federal level, several states have also set regulatory limits
on p-cresol concentrations. New Jersey’s interim maximum contaminant level for mixed cresols
in ground water is 50 μg/L (NJAC, 2018) based on a derived RfD of 0.0073 mg/kg/day (NJAC,
2018), Michigan has a low-hazard waste threshold value of 3.7 mg/L for solid waste (MDEQ,
2018), and California has set 200 mg/L p-cresol as the minimum concentration for toxic waste
(CDTSC, 2019).
In terms of inhalation exposure, OSHA’s permissible exposure limit (PEL) for p-cresol is
a time weighted average of 5 ppm (OSHA, 1998), and NIOSH’s recommended exposure limit
(REL) is 2.3 ppm or 10 mg/m3 as a time weighted average (NIOSH, 1997). CalEPA’s chronic
reference exposure level is 0.004 mg/m3.
In humans, p-cresol is normally found at low levels in the gastrointestinal tract and in urine.
A study by Bammens et al. (2006) has implicated p-cresol in uremic immunodeficiency and
endothelial dysfunctional, potentially linking its serum levels to mortality. Furthermore, free pcresol has been identified as a cardiovascular risk factor in non-diabetic hemodialysis patients with
5

chronic kidney disease (Meijers et al., 2008). p-Cresol may be toxic to constituents of gut
microflora, and high levels associated with chronic kidney disease exerts a change in the gut
microbiome resulting in a relative decrease in beneficial bacteria and an increase in bacteria that
produce uremic toxins (Lau et al., 2018) by metabolizing p-cresol to p-cresol o-sulphate and to a
lesser extent to p-cresol glucuronide.

Table 2.1. Summary of physiochemical properties of p-cresol.
Parameter

Value

Reference

Molecular Formula
CAS #
Molecular Weight (g/mol)
Density at 20oC (g/mL)

C7H8O
106-44-5
108.14
1.0341

pubchem.gov
pubchem.gov
pubchem.gov
atsdr.cdc.gov

Boiling Point (oC)
Log Kow (dimensionless)
Log Koc (dimensionless)
Water Solubility at 25oC (mg/L)

201.94
1.94
1.69
21,520

atsdr.cdc.gov
atsdr.cdc.gov
atsdr.cdc.gov
atsdr.cdc.gov

Henry's Law Constant at 23oC (atm*m3/mol)

1.00E-06

Gaffney et al. (1987)

Dimensionless Henry's Law Constant at 23oC

4.12E-05
0.0147

calculated

Vapor Pressure (kPa at 25oC)

atsdr.cdc.gov

2.2. Biological Production Potential
In addition to anthropogenic sources, microbially mediated production of p-cresol from the
free amino acid L-tyrosine has been well documented (Bone et al., 1976; Elsden et al., 1976; D’Ari
& Barker, 1985; Mathus et al., 1995; Yokoyama & Carlson 1981; Du et al., 2017).
Microorganisms known to carry out this transformation occur in widely diverse anaerobic and
anoxic environments, including human gastrointestinal tracts (Dawson et al., 2011) and wastes
6

(Haviz & Oakley, 1976), animal gastrointestinal tracts (Yoshihara, 1978) and wastes (Kridelbaugh
& Doerner, 2009), pristine pond and petroleum-contaminated sediment (Mathus et al., 1995),
municipal sewage sludge (Balba & Evans, 1980), and even in Chinese liquor fermentation (Du et
al., 2017).
p-Cresol has also been shown to be a metabolite of phenylalanine (Le & Stuckney, 2017)
and of toluene (Vogel & Grbic-Galic 1986; Langenhoff et al., 1997). Numerous facultative and
obligate anaerobic bacterial species are known to produce p-cresol (Saito et al., 2018). A brief list
of known species is provided in Table 2.2.

Table 2.2. Bacterial species reported to produce p-cresol.
Species
Clostridium difficile
Staphylococcus albus
Bacteroides fragilis
Fusobacterium sp.
Bifidobacterium spp.
Clostridium paraputrificum
Clostridium butyricum
Clostridium sporogenes
Clostridium septicum
Pseudomonas mendocina KR1
Lactobacillus
Clostridium scatologenes
Eubacterium contortum
Clostridium tyrobutyricum
Clostridium aminovalericum

Precursor
tyrosine
tyrosine
tyrosine
tyrosine
tyrosine
tyrosine
tyrosine
tyrosine
tyrosine
toluene
p-HPA *
tyrosine
mixed aromatic AA **
mixed aromatic AA **
mixed aromatic AA **

(table cont’d.)
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Reference
Elsden et al. (1975)
Bone et al. (1976)
Bone et al. (1976)
Bone et al. (1976)
Bone et al. (1976)
Bone et al. (1976)
Bone et al. (1976)
Bone et al. (1976)
Bone et al. (1976)
Yen et al. (1991)
Yokoyama (1981)
Kridelbaugh et al. (2009)
Du et al. (2017)
Du et al. (2017)
Du et al. (2017)

Species

Precursor
Reference
tyrosine and intermediates
Blautia hydrogenotrophica
Saito et al. (2018)
***
tyrosine and intermediates
Olsenella uli
Saito et al. (2018)
***
tyrosine and intermediates
Romboutsia lituseburensis
Saito et al. (2018)
***
* p-HPA= p-hydroxyphenylacetic acid
**AA= amino acids
*** intermediates= 4-hydroxyphenylpyruvate, DL-4-hydroxyphenyllactate, 3-(phydroxyphenyl) propionate, 4-hydroxyphenylacetate and 4-hydroxybenzoate
4-hydroxyphenylacetate and 4-hydroxybenzoate
The ability to produce p-cresol may provide growth advantages for the producers in highly
competitive environments, such as the mammalian large intestines, as it is metabolically toxic and
can suppress other microbes (Yu et al., 2006). Clostridium difficile is among the most well-known
of the p-cresol producing bacteria because it is an important nosocomial pathogen that can result
in antibiotic-associated disease ranging from diarrhea to the life-threatening pseudomembranous
colitis (Dawson et al., 2008 & 2011).
As shown in Figure 2.1, the metabolic pathway from p-hydroxyphenylacetate (HPA) to pcresol involves the enzyme complex hydroxyphenylacetate decarboxylase (CD0153-CD0155,
hpdBCA), which catalyzes the decarboxylation of HPA to yield p-cresol (Selmer & Andrei, 2001;
Sebaihia et al., 2006). Three enzymes, HpdA, an activating enzyme; HpdB, a glycyl radical
subunit; and HpdC, a small subunit, are responsible for the Hpd activity and are encoded in the
hpdBCA operon (Saito et al., 2018; Andrei et al., 2004). HPA decarboxylases are part of a distinct
subclass of glycyl radical enzymes that contain iron-sulfur center proteins (Yu et al., 2006;
Selvaraj et al., 2014).
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Figure 2.1. Metabolic pathways from tyrosine to phenol and p-cresol. Known enzymes appear near
the arrows for each step and dotted lines indicate unidentified enzymes. Compounds used in Saito
et al. (2018) are marked with asterisks. [Note: Reproduced from “Identification of phenol- and pcresol-producing intestinal bacteria by using media supplemented with tyrosine and its
metabolites” by Saito et al. (2018)].
There are multiple metabolic pathways through which tyrosine can be converted to HPA,
and not all of the enzymes have been fully identified or characterized. Known enzymes include
phenyllactate

dehydrogenase

(FldH),

phenyllactate

dehydratase

(FldBC),

acyl-CoA

dehydrogenase (AcdA), hydroxyarylic acid decarboxylase (Had), tyrosine lyase (ThiH), and
pyruvate:ferredoxin oxidoreductase A (PorA) (Saito et al., 2018). Figure 2.1 depicts known
metabolic pathways and associated enzymes.
2.3. Biological Degradation Potential
p-Cresol was found to be the most easily biodegradable isomer of cresol (Smolenski &
Suflita, 1987), and several microorganisms are known to metabolize p-cresol. A summary of
known p-cresol consumers is provided in Table 2.3. Degradation of p-cresol can be carried out by
aerobic, facultatively anaerobic, and anaerobic bacteria via distinct catabolic pathways (Heinaru
9

et al., 2000). p-Cresol biodegradation has been demonstrated under denitrifying, sulfidogenic, and
methanogenic conditions (Häggblom et al., 1990; Müller et al., 2001; Suflita et al., 1988; Bossert
et al., 1986; Hoffman et al., 1999). Consequently, p-cresol produced during in situ bioremediation
activities may not accumulate, and temporarily accumulated p-cresol may undergo relatively rapid
consumption depending on the prevailing environmental conditions.
Studies have revealed a few distinct metabolic pathways of p-cresol biodegradation and
examples of known processes are shown in Figure 2.2. The enzyme phenol hydroxylase has been
shown to hydroxylate the aromatic ring under aerobic conditions (Wei et al., 2016). The
periplasmatic enzyme p-Cresol methylhydroxylase (PCMH) hydroxylates the methyl side-chain
to give p-hydroxybenzaldehyde under aerobic or anaerobic conditions (Hopper et al., 1991) and
the degradation pathway diverges after this step for aerobic and denitrifying bacteria. PCMH was
isolated from strain PC-07, identified as an Achromobacter sp., and was found to be a
flavocytochrome (Londry et al., 1991) consisting of two subunits: an active-site α subunit
containing flavin adenine dinucleotide (FAD) covalently linked to tyrosine and a c-type
cytochrome β subunit (Peters et al., 2007).

Table 2.3. Bacterial species and strains reported to biodegrade p-cresol.
Bacteria
Pseudomonas putida
Desulfobacterium phenolicum sp. nov.
Achromobacter sp PC-07
GS-15

Reference
McIntire et al. (1986)
Bak & Widdel (1986)
Bossert et al. (1986)
Lovely & Lonergan (1990)

(table cont’d.)
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Bacteria
Thauera aromatica
Desulfobacterium cetonicum
Geobacter metallireducens
Georgfuchsia toluolica
Corynebacterium glutamicum
Acinetobacter calcoaceticus NCIMB 8250
Pseudomonas pseudoalcaligenes NCIMB 9867
Azoarcus buckelii DSM 14744
Geobacter metallireducens DSM 7210

Reference
Brackmann & Fuchs (1993)
Müller et al. (2001)
Peters et al. (2007)
Weelink et al. (2009)
Du et al. (2016)
Wei et al. (2016)
Wei et al. (2016)
Wei et al. (2016)
Wei et al. (2016)

Hydroxybenzylsuccinate synthase is a third enzyme known to transform p-cresol. It is a
member of the glycyl radial enzyme family and acts by adding fumarate to the methyl group of pcresol (Müller et al., 2001). Under methanogenic conditions, p-cresol can be dehydroxylated to
phenol. Roberts et al. (1986) used stable isotope analysis to ascertain the fate of the methyl group
under methanogenic conditions and found that about 86% of the label was transformed to carbon
dioxide, while only about 2% was transformed to methane.

Figure 2.2. Examples of p-cresol transformation pathways [Note: Reproduced from
“Characterization of phenol and cresol biodegradation by compound specific stable isotope
analysis” by Wei et al. (2016)].
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CHAPTER 3. SITE INFORMATION AND EXPERIMENTAL
METHODOLOGY
This chapter presents data regarding the field site where samples were collected and
contains descriptions of the analyses conducted to evaluate the potential for p-cresol biogenesis by
indigenous microbial populations in the distal treatment zone and near source zone of a south
Louisiana Superfund site.
3.1. Site Location and Background
The Superfund site that served as the focus of research described in this thesis, located near
Baton Rouge, LA, formerly served as an industrial waste disposal site where chlorinated solvents
and other wastes were directly discharged into unlined earthen lagoons resulting in groundwater
contamination. In an effort to prevent further spread of contaminants in the groundwater, a network
of wells was installed to allow for implementation of in-situ bioremediation strategies aimed at
establishment of anaerobic conditions and stimulation of biologically mediated reductive
dechlorination. As reported by Moe et al. (2018), toluene (but not benzene, ethylbenzene, or
xylenes) was transiently observed in groundwater following the subsurface injection of molasses
to stimulate anaerobic reductive dechlorination. Laboratory experiments demonstrated that
indigenous microbial populations could produce toluene when provided with phenylalanine,
phenylacetic acid, phenyllactate, or phenylpyruvate (Moe et al., 2018).
Locations of selected wells that were sampled during the course of the research described
in this thesis are shown in Table 3.1. For the purposes of this thesis, the “Distal Treatment Zone”,
or DTZ, refers to an area of aquifer approximately two miles downgradient from the direct

12

discharge site and the “Near Source Zone”, or NSZ, refers to the area closer to the historical direct
discharge site.

Table 3.1. Locations of groundwater wells sampled during the course of this research.

Class-V Injection
Well ID

Distal Treatment Zone
(DTZ)

Near Source Zone
(NSZ)

SP012

SP013

SP022

SP024

SU04

SD02

Well serial
number

974195

974196

974204

974206

973894

973887

Date installed

1/7/2012

1/18/2012 1/23/2012

1/13/2012

10/7/2010

9/28/10

Latitude *

30° 35’
40.6874”

30° 35’
41.0796”

30° 35’
42.5489”

30° 35’
43.1102”

30° 35’
24.0300”

30° 35’
26.1055”

Longitude *

91° 14’
43.2118”

91° 14’
43.4671”

91° 14’
42.9001”

91° 14’
43.3337”

91° 13’
15.0307”

91° 13’
15.3175”

Depth (m, bgsa)

29.6 m

28.3 m

32.9 m

34.4 m

27.4 m

29.0 m

Screened interval
(m, bgsa)

17.7-26.8

17.1-26.2

16.8-32.0

16.8-36.3

18.9-26.5

16.5-27.1

23.5 m

21.7 m

21.9 m

Top of casing
elevation (NAVD 22.9 m
23.0 m
23.3 m
88)
* Geodetic datum: DTZ- NAD83 & NSZ- NAD27.

3.2. Site Monitoring Data
Field monitoring was conducted at a Superfund Site located in south Louisiana where
agricultural feed grade cane molasses was injected into the subsurface via groundwater wells to
stimulate anaerobic reductive dechlorination. Molasses injection data are shown in Tables 3.2 and
3.3.
13

Groundwater sampling and analysis was conducted for select wells at the Superfund site,
both in the distal treatment zone and the near source zone, in order to evaluate the duration and
extent of p-cresol accumulation following molasses injection events in the study area.
Groundwater samples were collected in sterile 1 L glass bottles leaving little or no gas headspace
for use in groundwater studies and enrichment cultures. Additional samples were collected by site
personnel for analysis of VOCs and geochemical parameters. Analyses were performed at a
certified analytical laboratory (Pace Analytical Gulf Coast, Baton Rouge, LA) and a subset were
analyzed in the LSU laboratory for p-cresol, toluene, and ammonia-nitrogen. Additionally, DNA
extractions were performed.
Groundwater sample analyses performed at the certified analytical laboratory measured
concentrations of volatile organic compounds using EPA method 8260B. Concentrations of the
semivolatiles m-/p-cresol (isomers not resolved), o-cresol, and phenol were measured using EPA
method 8270C. Dissolved ethene, ethane and methane were measured using method RSK 175.
Nitrate was measured using US EPA method 353.2 Rev. 2 and nitrite was measured using US EPA
method 353.2 Rev. 2 Nitrite. Chloride and sulfate were measured using US EPA method 9056A.
Sulfide was measured using SM 4500-S2 D. Ferrous iron was measured using SM 3500-Fe B2011. Total organic carbon and total inorganic carbon were measured using SM5310 B-2011.
Ammonia nitrogen was measured using SM 4500-NH3 D 2011. Detailed descriptions of the US
EPA and SM analytical methods referenced above are available elsewhere (National
Environmental

Index,

http://www.nemi.gov/;

Standard

Methods

Online,

http://standardmethods.org). Groundwater temperature, conductivity, turbidity, pH, and ORP were
measured at the time of collection using probes and a flow cell (Aqua TROLL 600, In-Situ).
14

Table 3.2. Groundwater amendment injection data for distal treatment zone (DTZ) wells
Injection
well

Injection
start date

Injection
duration
(hrs)

Substrate
injected
(gallons)a

Total
Injected
volume
(gallons)c
SP012
7/25/12
49.4
91.1
2,380
123,512
4/15/13
31.6
120
1,364
51,732
8/18/14
41.0
158
0
39,867
7/15/15
36.0
166
0
51,024
7/25/16
65.5
209.8
0
65,755
d
5/23/18
19.3
ND
0
24,242
SP013
4/10/13
40.5
185
1,803
74,426
8/25/14
43.0
268
0
73,942
8/19/15
35.8
295.6
598
64,299
7/27/16
36.2
259.9
0
66,891
6/18/18
29.8
267
0
56,351
SP022
5/22/13
22.3
116
900
40,559
8/4/14
39.4
169
0
55,920
8/3/15
41.0
260.8
0
65,407
9/14/16
52.4
260.6
0
68,698
8/20/18
30.1
202
0
44,831
SP024
6/10/13
50.0
282
2,202
87,814
7/23/14
49.2
265
815
112,188
8/5/15
46.3
519.5
1,210
126,888
8/31/16
37.5
370.8
930
111,837
9/4/18
24.8
182.3
0
39,263
a
Agricultural feed grade cane molasses [supplier for 2012 was Cora Texas MFG Co., LLC,
White Castle, LA. Supplier for 2013-2016 was Alma Plantation, Lakeland, LA. Supplier for
2018 was Quality Liquid Feeds, Dodgeville, WI]
b
Saturated sodium bicarbonate solution
c
Includes total of molasses, buffer, and site water volume
d
Not determined (flow meter out of service)
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Buffer
injected
(gallons)b

Table 3.3. Groundwater amendment injection 2019 data for near source zone (NSZ) groundwater
injection wells
Injection
well

Injection
start date

Injection
duration
(hrs)

Substrate
injected
(gallonsa)

Buffer
injected
(gallons)

Total
Injected
volume
(gallons)b
SU04
8/19/19
55.7
400.1
0
83,664
SD02
5/15/19
38.5
378.1
0
72,080
a
Agricultural feed grade cane molasses [Quality Liquid Feeds, Dodgeville, WI]
b
Includes total of molasses, buffer, and site water volume
3.3. Materials and Methods
3.3.1. Laboratory Enrichment Cultures
All enrichment culture media was aseptically dispensed under anaerobic conditions in an
anaerobic chamber (Coy Laboratory Products, Grass Lake, MI) supplied with an anaerobic gas
mix comprised of 80% N2, 10% H2, and 10% CO2. All glass serum bottles (Wheaton) used for
enrichment cultures were autoclaved (121°C, 15 psi, 20 min) prior to use and were capped with
sterile PTFE-lined butyl rubber septa and aluminum crimp caps. Gas head space occupied 40%
and liquid media occupied 60% of the enrichment culture bottle volume, regardless of glass bottle
size. The gas headspace of all bottles dispensed and sealed in the anaerobic chamber was purged
for a minimum of 30 seconds with a filter-sterilized gas mixture comprised of 95% N 2 and 5%
CO2 at 10 psi pressure with 20-gauge hypodermic needles. Enrichment cultures were prepared
using strictly anaerobic protocols and aseptic techniques and were incubated at ambient laboratory
temperature (21 ± 2 °C) in the dark without mixing.
Groundwater used for inoculation of enrichment cultures was collected in sterile glass
media bottles leaving little or no headspace. To establish enrichment cultures, 168 mL glass serum
bottles (Wheaton) containing 95 mL of liquid media were inoculated with 5 mL of groundwater
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(i.e., inoculation 5% v/v). Subsequently, enrichment cultures were propagated into 25 mL glass
serum bottles (Wheaton) containing 15 mL of liquid media with inoculation at 0.1% (vol./vol.)
except for tyrosine-amended cultures (further described below) originating from well SU04 which
were inoculated at 0.1 to 10% (vol/vol).
Enrichment culture media was prepared as described by Zargar et al. (2016) but with the
addition of a phenyl precursor at a final concentrations of 350 mg/L. Phenyl precursors employed
throughout the course of this research were phenylacetic acid (Aldrich P16621, 99% purity), 4hydroxyphenylacetic acid (Aldrich H50004, 98% purity), and L-tyrosine (BioUltra 93829, ≥99.0%
purity), with different precursors tested with separate enrichment cultures (i.e., not tested as a
mixture). The media contained nitrogen and phosphorus sources, trace elements and B12 vitamins.
The protocol for media preparation is shown in Appendix A.1.
3.3.2. Analysis of Phenolic Compounds
For routine analysis of laboratory enrichment cultures, quantification of p-cresol and
phenol was performed by gas chromatograph- mass selective detection (GC-MS) using a Hewlett
Packard 6890D gas chromatograph equipped with a HP 6890 series autosampler with a DB-5
capillary column (30 m × 0.25 mm × 0.25 μm film thickness) coupled to a HP 5973 mass selective
detector. The thermal program was based on the method for analysis of aromatic compounds
described by Zargar et al. (2016) and the injection volume was 1 μL. The injector temperature was
set to 250ºC, the detector was set to 280 ºC, and the GC was held isothermal at 40ºC for 3 minutes
and then increased to 295ºC at 15 ºC/min. The carrier gas, ultrahigh-purity helium, flowed at a
constant rate of 5.7 mL/min. Liquid injections of concentrated hexane extracts were utilized for
quantitation.
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Selected ion monitoring (SIM) was used for quantification based on external standards.
Mass spectra for p-cresol, m-cresol, and phenol were obtained from the NIST Chemistry WebBook
(see Fig. 3.1 and Fig. 3.2) to determine which characteristic ions to monitor. Ions having m/z of
107, 77, and 51 were monitored for analysis of p-cresol. In a subset of the analyses, ions having
m/z of 94, 66, and 39 were monitored for analysis of phenol. Full-scan mode was used for a subset
of the samples (n=22) in order to compare the full mass spectrum to the NIST WebBook Database.
The m/z range was 20 to 120 for SIM and full-scan mode.

Figure 3.1. Mass spectrum and fragmentation scheme of p-cresol [top] and m-cresol [bottom] from
NIST WebBook (Available at: https://webbook.nist.gov/chemistry/ Accessed: August 5, 2020).
For selected samples (n=9), measurements using EPA method 8270C were analyzed for pcresol in parallel with the Zargar et al. (2016) method by a certified analytical laboratory. For these
samples, characteristic ions having m/z of 108, 107, and 77 were monitored for p-cresol and were
matched against known mass spectra from the NIST database. It should be noted that although the
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m/z spectra for p-cresol (Fig. 3.1 top panel) is similar to the m/z spectra for m-cresol (Fig. 3.1
bottom panel) there are multiple differences. The relative intensity of m/z 107 is highest in pcresol, while the intensity of m/z 108 is higher in m-cresol. Additionally, the relative intensity of
m/z 79 is appreciably higher in m-cresol than in p-cresol.

Figure 3.2. Mass spectrum and fragmentation scheme of phenol from NIST WebBook. (Available
at: https://webbook.nist.gov/chemistry/ Accessed: August 5, 2020).
External p-cresol calibration standards of known concentrations over the range of 1-50
mg/L p-cresol and/or phenol were incorporated at the beginning and end of each run. External
standard quantification was performed with six calibration standards that had identical vials and
liquid/headspace ratios as the samples. Dilutions were made for all samples containing
concentrations of either compound in excess of 50 mg/L in order to stay within the calibration
standard range. For quality control purposes, blanks (1 mL hexane) were placed before and after
each run and at 3 sample intervals for high concentration samples. p-Cresol (Aldrich 61030-25GF, ≥99.0% purity) and phenol (Sigma Aldrich P5566-25G, ≥99.5% purity) stock solutions were
prepared in accordance with EPA Method 8270D for semi-volatile organics GC-MS analysis.
Calibration standard solutions were prepared approximately bimonthly using stock standard
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solutions (protocol for preparation are located in Appendix A), during which time they were stable
within 5% of initial concentration.
Calibration standards and samples were prepared via solvent extraction. 2 mL of the
standard stock solution or sample and 2 mL of n-hexane (Fisher Chemical, CAT# H307-4, ≥65%
purity) were combined in a 7 mL amber glass vial and capped with a PTFE lined stopper for 30
minutes with intermittent shaking. The organic layer was allowed to separate from the water phase
for a minimum of 10 minutes before transferring 1 mL of solvent layer to a 2 mL screw-thread
autosampler vial (VWR 9-425 Clear Glass Black Cap, Cat. No. 66009-854).
In preliminary experiments, known quantities of p-cresol (six concentrations ranging from
1-50 mg/L) dissolved in n-hexane and water were tested to calculate percent recovery of the hexane
extraction. Percent recovery for analysis of replicates (n=36) was 33.1±4.5% (mean ± standard
deviation), closely matching the published values of partition coefficients of p-cresol in hexanewater of 34% (Schulte et al., 1998). For subsequent analysis, known concentrations of p-cresol
and phenol dissolved in water were extracted and analyzed as calibration standards.
A subset of the samples (n=42) was also analyzed via High Performance Liquid
Chromatography in order to further confirm the identity of p-cresol. Phenol, m-cresol, and p-cresol
were quantified using an Agilent 1260 Infinity Series HPLC system consisting of a 1260 Infinity
Quat Pump quaternary pump, 1260 Infinity ALS autosampler, 1260 Infinity TCC column
thermostat, and 1260 Infinity Variable Wavelength Detector. The column used was an Astec
CYCLOBOND I 2000 (25 cm × 4.6 mm, 5 µm particle size). The column temperature was set to
22°C and the scan wavelength was set to 215 nm. The sample injection volume was 10 µL and the
flowrate of the column was 1.0 mL/min. The analysis time for each sample was 10 minutes. The
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mobile phase ratio was 70% DI Water, 30 % HPLC grade methanol. The maximum operating
pressure of the column was 220 bar.
External calibration standards were prepared using certified analytical standards consisting
of phenol (SPEX CertiPrep 1000 μg/mL phenol, Part No. S-3030), m-cresol (SPEX CertiPrep 1000
μg/mL 3-methylphenol, Part No. S-2540), and p-cresol (SPEX CertiPrep 1000 μg/mL 4methylphenol, Part No. S-2550) each dissolved in methanol. Standards of known concentrations
were prepared over the range of 1-75 mg/L p-cresol, m-cresol, and phenol and were incorporated
at the start and end of each run. External standard quantification was performed with six calibration
standards that had identical vials and liquid/headspace ratios as the samples. For quality control
purposes, blanks (0.5 mL DI water) were placed before and after each run and at three sample
intervals. All samples were prepared by pipetting a 0.5 mL aliquot of a given sample into a 2 mL
screw-thread autosampler vial (VWR 9-425 Clear Glass Black Cap, Cat. No. 66009-854).
3.3.3. Analysis of Organic Acids
Organic acid concentrations were analyzed via ion chromatography (ICS-2000: Dionex) as
described previously (Moe et al., 2012) but with known quantities of 4-hydroxyphenylacetic acid
(Sigma-Aldrich H50004, 98% purity) and phenylacetic acid (Sigma-Aldrich P16621-100G, 99%
purity) dissolved in deionized water over the range of 1-50 mg/L as external calibration standards.
3.3.4. Analysis of Toluene
A subset of the samples (n=45) was analyzed for aqueous phase toluene concentrations via
purge-and-trap gas chromatography using an Agilent Model 7820A Gas Chromatograph (GC) with
a flame ionization detector (FID) and an Agilent DB-624 capillary column (60 m × 0.32 mm ×
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1.80 μm). The GC program began with a 5-minute hold at 40 °C, then a 20 °C/minute temperature
ramp for 11 minutes, followed by a 3-minute hold at 260 °C. Aqueous phase samples were
introduced to the GC by a Teledyne Tekamar AQUAtec 100 autosampler and a Teledyne Tekmar
Purge and Trap (Model #: 14-9800-100).
3.3.5. Analysis of Ammonia-Nitrogen
Ammonia-Nitrogen was quantified via a HACH HQ30d flexi probe. HACH Nitrogen,
Ammonia standard solutions consisting of 1.00 mg/L, 10 mg/L, and 100 mg/L NH 3-N were used
to calibrate the probe before each analysis. For each sample and calibration, 25 mL of sample or
standard solution volume was combined with a Permachem Ammonia ionic strength adjustor
powder pack in a clean 50 mL beaker and thoroughly mixed with a stir bar until all powder went
into solution. Once completely mixed, the probe was immersed in the liquid, and ammonianitrogen concentration was recorded.
3.3.6. Molasses Characterization
Aliquots of the batch of molasses (from Quality Liquid Feeds) used in the 2018 and 2019
field injections were prepared as described by Moe et al. (2018) and analyzed via gas
chromatography-mass spectrometry as described in section 3.3.2 and ion chromatography as
described in section 3.3.3 to determine the concentrations of p-cresol, phenol, phenylacetic acid
and 4-hydroxyphenylacetic acid concentrations. External standards of each compound quantified
were prepared as described in sections 3.3.2 and 3.3.3 of this thesis and were included at the start
and end of the respective analyses.
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CHAPTER 4. STUDIES AIMED AT UNDERSTANDING THE
POTENTIAL FOR BIOLOGICALLY-MEDIATED P-CRESOL
FORMATION IN THE DISTAL TREATMENT ZONE
4.1. Introduction
This chapter describes groundwater measurements from wells in the distal treatment zone
and results from enrichment culture studies conducted in the laboratory using distal treatment zone
groundwater as the inoculum.
4.2. Field Site Observations
Following subsurface injections of molasses into select wells of the distal treatment zone
area of the Superfund site in 2016, samples for analysis of semivolatiles (including m-/p-cresol
and phenol) were first collected from 75 to 112 days after molasses injection. m- and/or p-cresol(s)
were detected in the groundwater (see Figure 4.1). Because the isomers are not resolved in EPA
method 8270C, results are reported in Figure 4.1 as the sum of the two isomers. The m-/p-cresol
concentration was as high as 62,300 µg/L (i.e., 62.3 mg/L) in well SP013 sampled July 27, 2016
(132 days after molasses injection), 47,000 µg/L (i.e., 47.0 mg/L) in well SP024 sampled
December 6, 2016 (97 days after molasses injection), and 28,600 µg/L (i.e., 28.6 mg/L) in well
SP012 sampled November 28, 2016 (126 days after molasses injection). The m-/p-cresol
concentrations remained elevated for several months before decreasing.
Prior to a subsequent subsurface injection of molasses in 2018, well SP024 was sampled
on August 16, 2018. This was 715 days since the most recent molasses addition (on Aug. 31,
2016), and 19 days prior to the 2018 molasses addition (starting on September 4, 2018). The m-/pcresol concentration was estimated to be 2.6 µg/L [a level between the method detection limit
(MDL) of 0.25 µg/L and limit of quantitation (LOQ) of 10 µg/L].
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Figure 4.1. Aqueous-phase m-/p-cresol concentrations measured in site groundwater as a function
of time following injection of agricultural feed grade molasses for select wells in the distal
treatment zone in 2016 and 2018 (Data from external laboratory analysis provided by site
contractor). Arrows denote dates when groundwater samples were collected to inoculate
enrichment cultures.
When next sampled (on September 11, 2018, 7 days after molasses injection), the
concentration of m-/p-cresol had increased to 572 µg/L. Similarly, groundwater from well SP022
was found to have an m-/p-cresol concentration of 112 µg/L when sampled on August 27, 2018 (7
days after molasses injection) with a subsequent increase to 1,740 µg/L at a time of 30 days postinjection and 4,930 µg/L at a time of 51 days post-injection.
As further described in Section 4.3, enrichment cultures were established with groundwater
sampled from SP013, SP022, and SP024 at the sampling events denoted with arrows in Figure 4.1.
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Groundwater concentrations of contaminants and geochemical parameters for each groundwater
sample used to establish enrichment cultures are reported in Appendix B.
Data from these two years of molasses injection events taken together reveal a trend of a
transient increase in m-/p-cresol levels in the vicinity of the molasses injection over a period lasting
several months following molasses injection. The initially low p-cresol concentrations in the
groundwater sampled on days immediately following molasses injection suggests that p-cresol was
not inadvertently introduced through the molasses injection process. Additionally, no m-/p-cresol,
phenol or 4-hydroxyphenylacetic acid was detected (<1 mg/L) from analysis of duplicate molasses
samples used for 2018 and 2019 molasses injections (aliquots of molasses provided by site
personnel; vendor was Quality Liquid Feeds, Dodgeville, WI).
While EPA method 8270C does not separate m-cresol and p-cresol isomers, additional
analysis to identify the compounds present in field samples was performed as described in section
3.3.2 based on m/z spectra and HPLC analysis
4.3. Laboratory Enrichment Cultures
Groundwater sampled from wells SP013 and SP022 on September 19, 2018 and well
SP024 on October 15, 2018, was used to inoculate laboratory enrichment cultures at 5% (vol./vol).
Enrichment cultures employed six different types of liquid media (see Table 4.1). The groundwater
sample used to establish enrichment cultures for well SP013 were collected at a time of 93 days
following injection of molasses-amended groundwater. The groundwater sample used to establish
enrichment cultures for well SP022 was collected at a time of 30 days following injection of
molasses-amended groundwater, and the groundwater sample used to establish enrichment
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cultures for well SP024 was collected at a time of 41 days following injection of molassesamended groundwater (see Figure 4.1).

Table 4.1. Medium formulations used to establish enrichment cultures using groundwater
sampled from distal treatment zone (DTZ) wells SP013 and SP022 on Sept. 19, 2018 and well
SP024 on October 15, 2018.
Medium ID

Phenyl-containing precursor(s)

HPAA
HPAA-NG
BOTH

350 mg/L 4-hydroxyphenylacetic acid
350 mg/L 4-hydroxyphenylacetic acid
350 mg/L phenylacetic acid
350 mg/L 4-hydroxyphenylacetic acid
350 mg/L phenylacetic acid
350 mg/L 4-hydroxyphenylacetic acid
None
None

BOTH-NG
NEITHER
NEITHER-NG

Glucose
concentration
(mg/L)
1000
0
1000
0
1000
0

It was previously reported that the metabolic pathway from 4-hydroxyphenylactetic acid
(or L-tyrosine) to p-cresol involves a 1:1 molar transformation ratio (Saito et al., 2018). Following
this stoichiometry, and neglecting cell yield or other products, 100% transformation of 350.0 mg/L
4-hydroxyphenylacetic acid to p-cresol would result in 248.8 mg/L p-cresol.
Duplicate SP013 and SP022 cultures and a single SP024 culture from each of the six
treatments were analyzed following an incubation time of 21 weeks for all SP013 samples, 20
weeks for all SP022, and 15 weeks for all SP024 samples. Aliquots of groundwater sealed in glass
serum bottles with Teflon-lined butyl rubber stoppers (40% gas headspace) and incubated under
identical conditions, referred to as groundwater-only, from each of the wells were also analyzed
in triplicate at these times. The following sub-section describes the findings from the analysis of
cultures from each well for each of the six treatments.
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4.3.1. Enrichment cultures in 4-hydroxyphenylacetic acid amended PA2D media
All initial enrichment cultures in PA2D media amended with 4-hydroxyphenylacetic acid
(HPAA, HPAA-NG, BOTH, and BOTH-NG) were observed to reach near stoichiometric
conversion to p-cresol (following the stoichiometry described in Section 4.3, assuming that
phenylacetic acid in the BOTH and BOTH-NG media was not a precursor) after the initial lengthy
incubation interval (21, 20, or 16 weeks). For all three of the wells, the cultures in 4hydroxyphenylacetic acid with no glucose media (HPAA-NG) were found to accumulate the
highest amount of p-cresol out of all treatments. p-Cresol accumulation in the HPAA-NG SP013
cultures averaged 237.9 mg/L (average of duplicate cultures accumulating 247.2 and 228.6 mg/L),
corresponding to an average of 95.6% stoichiometric conversion to p-cresol. p-Cresol
accumulation in the HPAA-NG SP022 cultures averaged 256.9 mg/L (average of duplicate
cultures accumulating 246.1 and 268.1 mg/L), representing an average of 103.4% stoichiometric
conversion to p-cresol. p-Cresol accumulation in the single replicate of the HPAA-NG SP024
culture was 234.6 mg/L, corresponding to 94.0% conversion of 4-hydroxyphenlacetic acid to pcresol.
Conversely, the highest p-cresol concentration found in any replicate from treatments that
did not contain a phenyl precursor (NEITHER, and NEITHER-NG) was 2.9 mg/L in one
NEITHER SP022 culture replicate. Well SP013 cultures in NEITHER media were found to
contain an average of 2.6 mg/L (with a range of ±0.28 mg/L). Well SP022 cultures in NEITHER
media were found to contain an average of 2.9 mg/L p-cresol (with a range of ±0.21 mg/L) and
the SP024 culture was found to contain 2.7 mg/L p-cresol (single replicate). No p-cresol was
detected (<1 mg/L) in any replicate in NEITHER-NG media from SP013, SP022 or SP024. As this
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latter treatment was intended to serve as a control to determine if p-cresol accumulation would
occur in inoculated PA2D medium without the addition of a phenyl precursor, these latter cultures
were not propagated further.
Data reported in Figure 4.2 clearly illustrates that when 4-hydroxyphenylacetic acid was
omitted from the media, p-cresol accumulation was slight to undetectable. Likewise, no p-cresol
was detected in the abiotic controls for any treatment. These findings provided evidence that pcresol can be biogenically produced by microbial communities indigenous to the groundwater at
the superfund site.

Figure 4.2. p-Cresol accumulation observed in initial enrichment cultures established from three
wells in the distal treatment zone in media amended with 350 mg/L 4-hydroxyphenylacetic acid
(HPAA and HPAA-NG) or with no phenyl precursor (NEITHER and NEITHER-NG). Incubation
was 21 weeks for enrichment cultures derived from well SP013, 20 weeks from well SP022, and
15 weeks for enrichments derived from well SP024. Error bars represent the range of
measurements from duplicate bottles for wells SP013 and SP022. No error bars shown for SP024
because a single replicate was analyzed.
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As shown in Figure 4.3, enrichment cultures supplied with both 350 mg/L 4hydroxyphenylacetic acid and 350 mg/L phenylacetic acid (BOTH and BOTH-NG) accumulated
near stoichiometric conversion to p-cresol while cultures supplied with only 350 mg/L
phenylacetic acid (PAA and PAA-NG) accumulated slight to undetectable concentrations of pcresol.

Figure 4.3. p-Cresol accumulation observed in initial enrichment cultures established from three
wells in the distal treatment zone in media amended with 350 mg/L 4-hydroxyphenylacetic acid
and 350 mg/L phenylacetic acid (BOTH and BOTH-NG) or with only 350 mg/L phenylacetic acid
(PAA and PAA-NG). Incubation was 21 weeks for enrichment cultures derived from well SP013,
20 weeks from well SP022, and 15 weeks for enrichments derived from well SP024. Error bars
represent the range of measurements from duplicate bottles for wells SP013 and SP022. No error
bars shown for SP024 because a single replicate was analyzed.
The highest p-cresol concentration found in any replicate from treatments that contained
only phenylacetic acid was 3.4 mg/L in one PAA SP022 culture replicate. Well SP013 cultures in
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PAA media were found to contain an average of 2.1 mg/L (with a range of ±0.4 mg/L). Well SP022
cultures in PAA media were found to contain an average of 2.8 mg/L p-cresol (with a range of
±0.5 mg/L) and the SP024 culture in PAA media was found to contain 2.8 mg/L p-cresol (single
replicate). Replicates from each treatment were also analyzed for toluene accumulation as
described in Section 3.3.4. of this thesis and no toluene was detected in any sample.
Because cultures that were incubated without glucose accumulated slightly higher
concentrations of p-cresol and to minimize the potential growth of non-p-cresol producing
microbes, media without the addition of glucose was used for all subsequent generations.
Replicates that accumulated the highest concentrations of p-cresol (268.1 mg/L in one SP022
culture and 234.6 mg/L in the SP024 culture) were used to propagate the enrichment cultures
further into HPAA-NG media (PA2D media amended with 350 mg/L 4-hydroxyphenylacetic acid
and without the addition of glucose) at 0.1% (vol./vol.).
For subsequent generations, triplicate bottles inoculated at 0.1% v/v were analyzed for pcresol accumulation and/or remaining 4-hydroxyphenylacetic acid concentrations and were
serially transferred at three week or more intervals. Replicates found to have the highest
concentration of p-cresol or lowest remaining concentration of 4-hydroxyphenylacetic acid were
used to further propagate the cultures. Figure 4.4 depicts p-cresol accumulation observed in the
first three generations of the enrichment cultures. Section 4.4 covers the results from the fourthgeneration cultures from SP022 and SP024.
Enrichment cultures in HPAA-NG media from SP022 and SP024 were successfully
propagated through 8 generations and consistently consumed 4-hydroxyphenylacetic acid supplied
to below the detection limit (<0.1 mg/L 4-hydroxyphenylacetic acid remaining).
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Figure 4.4. p-Cresol accumulation observed in the first three generations of enrichment cultures
established with groundwater from well SP013 and SP022 sampled on September 19, 2018 and
from well SP024 sampled on October 15, 2018. No p-cresol was detected (<1 mg/L) in any of the
abiotic controls.
4.3.2. Enrichment Cultures in L-tyrosine amended PA2D media
Following three successful transfers in HPAA-NG media, cultures from wells SP022 and
SP024 were propagated at 0.1% (vol./vol.) into PA2D media amended with 350 mg/L L-tyrosine
without the addition of glucose (medium referred to as TYRO-NG) to test their ability to produce
and accumulate p-cresol using L-tyrosine as a phenyl precursor. First- and second-generation
cultures from both wells exhibited a wide range of p-cresol production with concentrations ranging
from 1.9 to 62.4 mg/L p-cresol (n=12). First generation cultures from SP022 accumulated 9.3 ±
3.2 mg/L (mean ±standard deviation) (n=3) and SP024 accumulated 4.4 ± 2.7 mg/L p-cresol (n=3).
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Second generation cultures from SP022 accumulated 41.0 ± 30.1 mg/L (n=3) and SP024
accumulated 1.5 ± 1.3 mg/L p-cresol (n=3). Third-generation cultures from well SP022 (n=4) were
more consistent, producing an average of 60.6 ± 4.5 mg/L p-cresol, and cultures from SP024 (n=4)
produced an average of 6.7 ± 0.96 mg/L p-cresol. A single replicate was analyzed for generations
4 and 5 for both wells. The replicates from the culture originating from well SP022 accumulated
27.9 mg/L in the fourth-generation and 78.0 mg/L p-cresol in the fifth-generation culture. The
replicates from the culture originating from well SP024 accumulated 2.7 mg/L p-cresol in the
fourth-generation and 7.6 mg/L p-cresol in the fifth-generation culture. Enrichment cultures in
TYRO-NG media from SP022 and SP024 were successfully propagated through 5 generations. pCresol accumulation observed in all generations are illustrated in Figure 4.5.
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Figure 4.5. p-Cresol accumulation observed in enrichment cultures from wells SP022 and SP024
through three generations in media amended with 350 mg/L L-tyrosine following three successful
transfers in media amended with 350 mg/L 4-hydroxyphenylacetic acid [Generations 1, 2, 3, 4,
and 5 cultures were incubated for 15, 11, 20, 9, and 9 weeks before analysis, respectively]. Error
bars represent one standard deviation for triplicate bottles analyzed and no error bars indicate only
one replicate was analyzed.
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Following the stoichiometry outlined in Section 4.3, 100% transformation of 350.0 mg/L
L-tyrosine to p-cresol would be expected to result in production of 208.9 mg/L p-cresol. The pcresol concentrations observed in the third generation of this study correspond to 29.0% ± 2.0%
and 3.2% ± 0.5% conversion to p-cresol from L-tyrosine in enrichment cultures derived from well
SP022 and SP024, respectively. Likewise, the p-cresol accumulation corresponds to 13.4% and
37.4% conversion to p-cresol for the fourth and fifth generation replicate for well SP022,
respectively, and 1.3% and 3.6% conversion to p-cresol for the fourth and fifth generation replicate
for well SP024, respectively.
The reason for the roughly order of magnitude difference in p-cresol production between
the cultures from the two wells is unclear. Further studies, such as analysis of other potential end
products (e.g., phenol, which was not included in analysis described in this chapter) and microbial
community analysis may help to elucidate cause of the variation between the culture’s p-cresol
accumulation potential. Nevertheless, these results suggest that, particularly in the case of SP022
cultures, the Louisiana Superfund site’s groundwater microbial communities may utilize Ltyrosine as a phenyl precursor in the production of p-cresol, and the degree to which the microbial
community accumulates p-cresol can change over time.
4.4. Track Study and Precursor Correlation Experiments
Following the initial enrichment culture studies, additional enrichment culture experiments
were conducted to study the changes of 4-hydroxyphenylacetic acid and p-cresol concentrations
over time as well as to further investigate the correlation between 4-hydroxyphenylacetic acid
supplied and the amount of p-cresol accumulated. Those experiments are described below.
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4.4.1. Time-Series Experiment
Media were prepared as described in Appendix A with target initial concentrations of 350
mg/L, 700 mg/L, and 1000 mg/L 4-hydroxyphenylacteic acid. Enrichment cultures established
from wells SP022 and SP024 that were observed to consistently accumulate p-cresol through three
generations (i.e., serial transfers) were each used to inoculate (0.1% vol./vol.) 30 replicates of
PA2D media amended with each of the three 4-hydroxyphenylacetic acid concentrations (350,
700, and 1000 mg/L). Serum bottles with identical media but without microbial inoculation were
prepared in triplicate to serve as abiotic negative controls. At regular intervals over a 45-day
period, triplicate bottles were sacrificed to analyze remaining 4-hydroxyphenylacetic acid
concentration via ion chromatography and p-cresol accumulation via gas chromatography-mass
spectrometry.
As shown in Figure 4.6, there was relatively rapid consumption of 4-hydroxyphenylacetic
acid paired with accumulation of p-cresol in the enrichment cultures derived from both
groundwater wells at all three concentrations tested. A large majority of 4-hydroxyphenylacetic
acid was consumed within two weeks even at the highest starting concentration tested in the time
series (1000 mg/L). When supplied with 350 mg/L 4-hydroxyphenylacetic acid, the terminal (i.e.,
day 45) p-cresol concentration was 245.2 ±4.7 mg/L for SP022 and 241.5±5.9mg/L for SP024.
When supplied with 700 mg/L 4-hydroxyphenylacetic acid, the terminal p-cresol concentration
was 481.6±6.0 mg/L for SP022 and 487.8±17.5 mg/L for SP024. When supplied with 1000 mg/L
4-hydroxyphenylacetic acid, the terminal p-cresol concentration was 676.9±43.5 mg/L for SP022
and 679.4±35.6 mg/L for SP024.
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The cultures accumulated p-cresol to approximately stoichiometric completion in roughly
two weeks incubation time at all three concentrations. The lag period was short, with considerable
4-hydroxyphenylacetic acid consumption observed within the first five days of incubation. By the
end of the 45-day incubation, all replicates from both cultures reached relatively stable
concentration of p-cresol corresponding to 95-98% stoichiometric conversion from 4hydroxyphenylacetic acid to p-cresol for each precursor concentration level. p-Cresol was not
detected (<0.5 mg/L) in bottles where 4-hydroxyphenylacetic acid was omitted from the medium
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Figure 4.6. p-Cresol and 4-hydroxyphenylacetic acid concentrations as a function of time in timeseries experiment utilizing PA2D media prepared with target initial 4-hydroxyphenylacetic acid
concentrations of 350 mg/L [top], 700 mg/L [middle], and 1000 mg/L [bottom]. Replicates
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4.4.2. Precursor Gradient Experiment
In parallel with the track study experiment described in section 4.4.1, in addition to the
concentrations listed in the time-series experiment PA2D media amended with 4hydroxyphenylacetic acid to concentrations 0, 50, 100, 150, 250, 550, 1500, and 2000 mg/L were
also prepared and inoculated with the groundwater enrichment cultures originating from wells
SP022 and SP024. Serum bottles were inoculated at 0.1% (vol./vol.) in 25 mL serum bottles
containing 15 mL medium, identically to the time-series experiment. Serum bottles with identical
media but without microbial inoculation were prepared in triplicate to serve as abiotic negative
controls. After an incubation time of 45 days, three replicates per treatment were analyzed for
remaining 4-hydroxyphenylacetic acid concentration via ion chromatography and for p-cresol
accumulation via gas chromatography-mass spectrometry as described previously. Mass balance
calculations were performed under the assumption that partitioning of p-cresol from the aqueous
phase to the gas phase was negligible (10^-6 atm*m 3/mol) (Gaffney et al., 1987).
Figure 4.7 depicts p-cresol accumulation plotted against 4-hydroxyphenylacetic acid
supplied in each of the treatments. For the SP024 enrichment culture, for starting 4hydroxyphenylacetic acid concentrations ≤1500 mg/L, the amount of p-cresol observed after 45
days of incubation linearly increased with starting 4-hydroyphenylacetic acid concentration. At
the highest 4-hydroxyphenylacetic acid concentration tested (2,000 mg/L), the SP024 enrichment
culture deviated from linearity. For the SP022 enrichment culture, the same trend was observed
but with deviation from linearity at the highest two concentrations tested (1,500 and 2,000 mg/L).
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Figure 4.7. Experimentally measured p-cresol accumulation after 45 days of incubation as a
function of 4-hydroxyphenylacetic acid supplied in mg/L by cultures originating from wells SP022
and SP024.
Triplicate abiotic controls were analyzed for 50, 350, 700, 1000, and 2000 mg/L 4hydroxyphenylacetic acid precursor concentrations and were not observed to accumulate p-cresol
nor decrease from initial 4-hydroxyphenylactetic acid concentration.
To further analyze the data, the aqueous-phase p-cresol concentration as a function of 4hydroxyphenylacetic acid consumed in this experiment is depicted in Figure 4.8. A linear
regression was fit to the data for each well with correlation coefficients as shown in the figure. The
molar ratio of p-cresol accumulated per 4-hydroxyphenylacetic acid consumed was 0.915 for
SP022 and 0.9022 for SP024. At the highest 4-hydroxyphenylacetic acid concentration supplied
(2000 mg/L), 1113 mg/L was the highest observed p-cresol concentration in one SP024 replicate.
For this replicate, 347.7 mg/L of 4-hydroxyphenylacetic acid remained untransformed. Together,
the two compounds (p-cresol and 4-hydroxyphenylacetic acid) measured at the end (day 45)
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accounted for 95.2% of the starting 4-hydroxyphenylacetic acid for that treatment. Overall, mass
balances closure was 99.2 ± 12.1% accounting for all replicates.

p-Cresol Accumulated (mmol/L)

15

12

SP022
9

SP024
6

SP022
y = 0.9154x
R² = 0.9463

3

0
0

3

6

9

12

15

HPAA Consumed (mmol/L)

SP024
y = 0.9022x
R² = 0.9804

Figure 4.8. Experimentally measured p-cresol accumulation after 45 days of incubation as a
function of 4-hydroxyphenylacetic acid consumption in mmol/L by cultures originating from wells
SP022 and SP024.
4.5. Further Compound Identification: p-Cresol Analysis
Because m-/p-cresol isomers were not separated by routine laboratory analysis or in EPA
Method 8270C analysis, further testing was conducted in an effort to separate, identify and
quantify m- and p-cresol isomers measured in groundwater and enrichment cultures. The results
from these analyses are presented in the following three subsections.
4.5.1. GC-MS: Further Analysis and Mass Spectra
As described in Section 3.3.2, for routine monitoring of p-cresol in enrichment cultures, in
the GC/MS analyses, characteristic ions having m/z of 107, 108, and 77 were monitored in order
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to confirm the presence and elution time of said ions. A subset of samples (n=16) was tested on
full scan mode in an effort to distinguish between m- and p-cresol isomers.
An analytical grade p-cresol (≥99.0% purity) standard was analyzed to compare ion elution
time and match quality with groundwater and enrichment culture samples. A library search
determined that the top two NIST Library matches for the analytical standard were p-cresol and
the match quality results are provided in Table 4.2. The mass spectrum of the same p-cresol
standard, shown in the first panel of Figures 4.11, 4.14, and 4.15, was used for comparative
analysis against groundwater and enrichment culture samples. The NIST WebBook mass spectra
for p-cresol and m-cresol (shown in Figure 3.1) were also used to compare against mass spectra to
further confirm the presence of p-cresol.

Table 4.2. Top two NIST Library matches of analytical grade p-cresol (≥99.0% purity) standard.
Sample Type
50 mg/L p-cresol
standard

Match Quality
97
95

Top Matches
p-cresol
p-cresol

Groundwater samples used to inoculate enrichment cultures from wells SP013, SP022 and
SP024 were analyzed in duplicate for the characteristic ion elution time, shown in Figure 4.9, and
for the mass spectra, shown in Figure 4.10. Characteristic ions coeluted at 8.64 minutes as in the
p-cresol standard and the mass spectra for each sample have the highest abundance of m/z 107
followed by 108 and 77.
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Figure 4.9. Characteristic ions having m/z of 107, 108, and 77 were monitored in a 50 mg/L
analytical grade p-cresol standard analyzed via GC-MS on full scan mode using the Zargar et al.
(2016) thermal program for comparison with enrichment cultures and groundwater samples. Ions
coeluted at 8.64 minutes.
The mass spectra of each are functionally in agreement with the p-cresol standard analyzed
as well as with the NIST Webbook entry. In the NIST Webbook spectra, m-cresol has a higher
abundance of m/z 108 relative to 107 and a higher abundance of m/z 79 to 77. Likewise, in the
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groundwater samples, all mass spectra have higher abundance of m/z 107 relative to 108 and higher
abundance of m/z 77 relative to 79.

Figure 4.10. Characteristic ions with m/z of 107, 108, and 77 were monitored in groundwater
samples from wells [left] SP013, [middle] SP022, and [right] SP024 via GC-MS on full scan mode
using the Zargar et al. (2016) thermal program. Ions shown to coelute at 8.64 minutes.
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Figure 4.11. GC-MS Full scan mass spectra of [top] 50 mg/L p-cresol, [second] groundwater from
well SP013 and [third] SP022 sampled on September 19, 2018, and [bottom] groundwater from
well SP024 sampled on October 15, 2018.
From visual inspection, the characteristic ions of p-cresol appear to be present in the same
relative abundances in the p-cresol standard and in the groundwater samples. In order to further
confirm the identity of the compound present in these samples, a NIST library search was
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conducted for each groundwater sample. The top two NIST Library matches for each groundwater
sample are listed in Table 4.3.

Table 4.3. Summary of top two matches from NIST Library for each groundwater sample
analyzed on GC-MS Full Scan mode using Zargar (2016) method for semivolatiles.
Sample Date

Well ID

9/19/2018

SP013

9/19/2018

SP022

10/15/2018

SP024

Match Quality
94
87
74
74
91
91

Top Matches
p-cresol
p-cresol
p-cresol
p-cresol
p-cresol
p-cresol

While wells SP013 and SP024 had match qualities above 90, there was a substantially
lower match quality for well SP022.
HPAA-NG cultures established from each of the three wells, and TYRO-NG cultures
established from SP022 and SP024 were also analyzed in duplicate. Characteristic ions elution
times are depicted in Figures 4.12 and 4.13 and mass spectra are shown in Figures 4.14 and 4.15,
respectively.
In the HPAA-NG enrichment cultures, ions for the SP013 sample coeluted at 8.64 minutes
and ions for the SP022 and SP024 samples both coeluted at 8.66 minutes. In the TYRO-NG
enrichment cultures, the ions for the SP022 sample coeluted at 8.67 minutes and ions for the SP024
sample coeluted at 8.65 minutes, all in close agreement with the elution time observed in a p-cresol
standard. Each of the sample’s characteristic ions coeluted at or very near 8.64 minutes with the
greatest deviation of 0.03 minutes (1.8 seconds) in one SP022 TYRO-NG sample.
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Figure 4.12. Characteristic ions with m/z of 107, 108, and 77 were monitored in HPAA-NG
enrichment culture samples from wells [left] SP013, [middle] SP022, and [right] SP024 via GCMS on full scan mode using the Zargar et al. (2016) thermal program.
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Figure 4.13. Characteristic ions with m/z of 107, 108, and 77 were monitored for TYRO-NG
enrichment culture samples from well [left] SP022 and [right] SP024 via GC-MS on full scan
mode using the Zargar et al. (2016) thermal program.
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Figure 4.14. Mass spectra of [top] 50 mg/L p-cresol standard, enrichment cultures in HPAA-NG
media established with groundwater from well [second] SP013 and [third] SP022 sampled on
September 19, 2018, and from well [bottom] SP024 sampled on October 15, 2018.
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Figure 4.15. Mass spectra of [top] 50 mg/L p-cresol standard, enrichment cultures in TYRO-NG
media established with groundwater from well [middle] SP022 sampled on September 19, 2018,
and well [bottom] SP024 sampled on October 15, 2018.

As in the groundwater samples, the mass spectra of the enrichment cultures are similar to
the p-cresol standard and the NIST Webbook spectra. Mass spectra from each enrichment cultures
have higher abundance of m/z 107 relative to 108 and higher abundance of m/z of 77 relative to
m/z of 79, as does the p-cresol NIST Webbook entry. A NIST library search was conducted for
both enrichment culture samples from each well and media type and the top two NIST Library
matches for each are provided in Table 4.4. The match quality for the enrichment cultures are all
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higher than those for the groundwater samples, with the highest match at or above 95 for all but
one (TYRO-NG from well SP024) treatment.

Table 4.4. Summary of top two matches from NIST Library for each enrichment culture
analyzed on GC-MS Full Scan mode using Zargar (2016) method for semivolatiles.
Media Type

Well ID

1000 mg/L HPAA-NG

SP013

1000 mg/L HPAA-NG

SP022

1000 mg/L HPAA-NG

SP024

350 mg/L TYRO-NG

SP022

350 mg/L TYRO-NG

SP024

Match Quality
96
95
95
93
96
94
97
96
94
93

Top Matches
p-cresol
p-cresol
p-cresol
p-cresol
p-cresol
p-cresol
p-cresol
p-cresol
p-cresol
p-cresol

Taken together, the matching characteristic ions, elution time, and mass spectra observed
in this analysis provide compelling evidence that cresol accumulated in the groundwater and
enrichment cultures and that p-cresol is the most abundant cresol isomer that accumulated. The
following two subsections provide independent lines of evidence to conclusively confirm the
compound identity found in these samples.

4.5.2. Mass Spectra from EPA Method 8270C
For selected samples (n=3), field measurements using EPA method 8270C were analyzed
for p-cresol by a certified analytical laboratory in parallel with the Zargar et al. (2016) method.
The groundwater samples analyzed were the same as those used to inoculate the enrichment
cultures. Characteristic ions having m/z of 108, 107, and 77 were monitored (see Figure 4.16) and
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the mass spectra were matched against known mass spectra for p-cresol from the NIST database
(see Figure 4.17).

Figure 4.16. Characteristic ions having m/z of 107, 108, and 77 were monitored using EPA method
8270C by a certified analytical laboratory for groundwater samples taken at the same times those
used to inoculate corresponding laboratory enrichment cultures. Data from external laboratory
analysis provided by site contractor.
Monitored ions for each of the groundwater samples coeluted within 0.06 minutes (0.36
seconds) from 2.931 to 2.937 minutes. Ions in the SP013 sample all coeluted at 2.937 minutes and
in the SP024 sample all coeluted at 2.933 seconds. There was slight variation in the SP022 sample
as the 107 and 108 ions coeluted at 2.937 but 77 eluted at 2.93.1.
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Figure 4.17. Mass spectra for groundwater sampled from wells [A] SP013 and [B] SP022 on
September 19, 2018 paired with top mass spectrum match from NIST database, respectively, and
mass spectrum for groundwater sampled from [C] SP024 on October 15, 2018 paired with top
mass spectrum match from NIST database. Data obtained from site personnel.
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As shown in Figure 4.17, the top match for all three of the samples was p-cresol. Top two
matches of NIST mass spectra and corresponding match quality for each sample is provided in
Table 4.5. p-Cresol constituted the top 4 NIST database matches for all three of the samples. The
top four match qualities for SP013 ranged from 97-94, SP022 ranged from 96-91, and SP024
ranged from 96-95.

Table 4.5. Summary of top two matches from NIST database for each sample analyzed by EPA
method 8270C. Data from external laboratory analysis provided by site contractor.
Sample Date

Well ID

9/19/2018

SP013

9/19/2018

SP022

10/15/2018

SP024

Match
Quality
97
96
96
95
96
96

Top
Matches
p-cresol
p-cresol
p-cresol
p-cresol
p-cresol
p-cresol

4.5.3. High Performance Liquid Chromatography Analysis
In an additional effort to unequivocally identify the microbially-produced product, a subset
of the samples (n=19) was analyzed using High-Performance Liquid Chromatography (HPLC) to
separate, identify, and quantify phenol, m-cresol, and p-cresol as described in Section 3.3.2 of this
thesis. Certified analytical standards of phenol, m-cresol, and p-cresol were incorporated into the
start and end of each run. Elution times of target analytes were paired standards from the same run
to maintain consistency between the standards and samples. Importantly, the average time between
elution of m-cresol and p-cresol was 1.39 ± 0.26 minutes, which resulted in clearly defined peaks
between the cresol isomers, as shown in the first panel of Figures 4.18, 4.19, and 4.20.
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Figure 4.18. HPLC Chromatograms showing separation of phenolic compounds- phenol, m-cresol,
and p-cresol. Analytical standard containing [top] 40 mg/L phenol, m-cresol, and p-cresol each,
groundwater from well [bottom] SP013 sampled on September 19, 2018.
Six undiluted samples of groundwater from the wells that were used to inoculate the
enrichment were analyzed, in duplicate, for each of the three wells following storage at -80°C.
Figure 4.18 clearly shows a peak for p-cresol in the groundwater from SP013. No m-cresol peak
was detected (<1 mg/L) in any of the samples.
The SP013 sample analyzed by EPA Methods 8270C on the day of collection was observed
to have 13.3 mg/L p-cresol. Following 21 weeks of incubation at ambient laboratory temperature
(21 ± 2 °C) and subsequently stored at -80°C, the groundwater sample from SP013 was analyzed
via HPLC was observed to contain 19.4 mg/L p-cresol.
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Six enrichment cultures that were established with groundwater from wells SP013, SP022,
or SP024 into 350 mg/L HPAA-NG media and successfully transferred through eight generations
were analyzed and chromatograms for select samples are shown in Figure 4.19. The SP013
samples were diluted 1:5 and the SP022 and SP024 samples were diluted 1:10 prior to analysis in
order to ensure that the p-cresol concentration fell within the range of the calibration curve.
p-Cresol was clearly detected (greater than 1 mg/L) in all cultures tested. The identity of
the second largest peak detected in these samples, however, is unclear from the data collected. In
this run, the phenol peak in the standards eluted at 5.675 ± 0.028 and the m-cresol peak in the
standards eluted at 6.024 ± 0.041. Interestingly, the second largest peak eluted at 5.866 ± 0.034
minutes, nearly equidistant from the two known compounds. Analysis of a HPAA-NG and
NEITHER-NG abiotic controls did not reveal a peak at the average nor within more than three
standard deviations of the elution time of the second peak suggesting that it may be an unknown
compound produced by the enrichment cultures. Despite this, there is clearly p-cresol in these
cultures and the quantity accumulated accounts for a large fraction of the total stoichiometric
conversion from 4-hydroxyphenylacetic acid. The average p-cresol concentration was 171.8 mg/L
in the SP013 cultures (69.1% conversion), 198.7 mg/L in the two SP022 cultures (79.9%
conversion), and 180.8 mg/L in the two SP024 cultures (72.7%). Assuming the second peak isn’t
phenol or m-cresol, neither compound was detected (less than 1 mg/L) in any of the cultures tested
that were incubated in HPAA-NG media.
Four enrichment cultures that were established with groundwater from wells SP022 or
SP024 into 350 mg/L HPAA-NG media and subsequently transferred through five generations in
350 mg/L TYRO-NG media were also analyzed. None of these samples were diluted prior to
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analysis. Chromatograms for select samples are shown in Figure 4.20. Tyrosine, phenol, and pcresol were detected in all samples and significant variation in the relative concentrations of the
compounds.
p-Cresol concentrations in SP022 cultures averaged 39.4 ± 31.1 mg/L, with some cultures
accumulating nearly 60 mg/L and others less than 4 mg/L. p-Cresol accumulation in SP024
cultures was 1.3 ± 0.8 mg/L. Conversely, no m-cresol was detected in any of the samples. The
variability in p-cresol accumulation between cultures was also observed in earlier generations of
these cultures and could be due to some loss of the culture's ability to transform L-tyrosine to pcresol following enrichment in 4-hydroxyphenylacetic acid containing media.
Phenol was detected (greater than 1mg/L) in all cultures that had been incubated in TYRONG media. SP022 samples averaged 22.5 ± 6.9 mg/L phenol and SP024 samples averaged 25.4 ±
3.6 mg/L phenol, corresponding to 12.4 ± 3.8% and 14.0 ± 2.0% conversion from L-tyrosine,
respectively. These concentrations are surprisingly similar given the variability of p-cresol
accumulation. Additionally, a large fraction of L-tyrosine remained untransformed in these
cultures. SP022 samples averaged 185.7 ± 57.0 mg/L and SP024 samples averaged 272.3 ± 40.2
mg/L of untransformed L-tyrosine, representing 53.1 ± 13.9% and 77.7 ±11.4% remaining Ltyrosine, respectively.
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Figure 4.19. HPLC Chromatograms showing separation of phenolic compounds- phenol, m-cresol,
and p-cresol. Analytical standard containing [top] 75 mg/L phenol, m-cresol, and p-cresol each,
laboratory enrichment cultures in HPAA-NG media established with groundwater from well
[second] SP013 and [third] SP022 sampled on September 19, 2018, and from well [bottom] SP024
sampled on October 15, 2018.
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Figure 4.20. Chromatograms showing separation of phenolic compounds- phenol, m-cresol, and
p-cresol. Analytical standard containing [top] 75 mg/L phenol, m-cresol, and p-cresol each,
standard containing [second] 75 mg/L tyrosine, and laboratory enrichment cultures in TYRO-NG
media established from groundwater from well [third] SP022 sampled on September 19, 2018 and
from well [bottom] SP024 on October 15, 2018.
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4.6. Discussion and Conclusions
Collectively, the studies described in Chapter 4 of this thesis provide support for the notion
that p-cresol is biogenically produced at the Superfund site following the subsurface injection of
molasses.
The time-series and precursor gradient experiments provide clear evidence that the
indigenous microbial communities from wells SP022 and SP024 are both capable of producing pcresol using 4-hydroxyphenylacetic acid as a precursor. Nearly complete stoichiometric
conversion occurred even at high concentrations for 4-hydroxyphenylacetic acid amended
cultures, accumulating greater than 1 g/L p-cresol when supplied with 2 g/L 4hydroxyphenylacetic acid. Enrichment cultures amended with L-tyrosine were observed to
accumulate phenol in addition to p-cresol, although both compounds were accumulated to much
lower concentrations and over half of the L-tyrosine supplied remained untransformed at the end
of the incubation period.
The combination of GC-MS results with selective ion monitoring and comparison with
NIST reference data for both groundwater and enrichment culture samples combined with HPLC
analysis which separated m- and p-cresols provides compelling evidence of the presence of pcresol. For the subset (n=10) of the samples in which p-cresol was analyzed via HPLC in parallel
via GC-MS to cross check detection of phenolic compounds, all ten cultures tested had p-cresol
detection for both methods and concentrations detected matched within 11.2 ± 7.3%.
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CHAPTER 5. STUDIES AIMED AT UNDERSTANDING THE POTENTIAL
FOR BIOLOGICALLY-MEDIATED P-CRESOL FORMATION IN THE
NEAR SOURCE ZONE
5.1. Introduction
This chapter describes groundwater measurements from wells in the near source zone
(NSZ) area of a south Louisiana superfund site and results from enrichment culture studies
conducted in the laboratory using near source zone groundwater as the inoculum.
5.2. Field Site Observations
Following subsurface injection of molasses in the near source zone area of the superfund
site in mid-2019, samples were collected from two wells (well IDs SU04 and SD02) for analysis
of semivolatiles using EPA method 8270C. Samples were collected from both wells on September
9, 2019, which was 21 days since the most recent molasses injection in well SU04 and 117 days
since the most recent molasses addition in well SD02. m- and/or p-Cresol(s) were detected in the
groundwater from both wells (see Figure 5.1). Because the isomers are not resolved in EPA method
8270C, results are reported as the sum of the two. As described in section 5.3, groundwater
sampled from well SU04 was used to inoculate laboratory enrichment cultures, and the well was
sampled at multiple additional time intervals (while SD02 was sampled only once). Data from the
period of 21 days to 140 days following the 2019 molasses injections reveal a transient increase in
m-/p-cresol levels in the vicinity of the molasses injection. The initially low p-cresol
concentrations in the groundwater sampled on day 21 following molasses injection suggests that
p-cresol was not inadvertently introduced through the molasses injection process. No m-/p-cresol,
phenol or 4-hydroxyphenylacetic acid was detected (<1 mg/L) from analysis of duplicate molasses
samples as described in Section 3.3.7 of this thesis.
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While EPA method 8270C does not separate m-cresol and p-cresol, additional analysis to
identify the compounds present in the field sample used to inoculate laboratory enrichment cultures
was performed as described in Section 3.3.2 based on m/z spectra and HPLC analysis.

Figure 5.1. Aqueous-phase m-/p-cresol concentrations measured in site groundwater as a function
of time following injection of agricultural feed grade molasses into the near source zone in 2019.
Arrow denotes groundwater sample used to inoculate enrichment cultures. Data from external
laboratory analysis provided by site contractor.
Well SU04 received a molasses injection starting on August 19, 2019. m-/p-Cresol and
ammonia concentrations observed in the 8 months following molasses injection are reported in
Table 5.1. Contaminant concentrations and geochemical data collected for this well following the
2019 injection are reported in Appendix B. m-/p-Cresol concentration in the groundwater exceeded
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5 mg/L in samples collected from 56 to 140 days following the start of molasses injection, with a
maximum concentration of 14.1 mg/L observed on November 11, 2018, 91 days after the start of
the molasses injection. The m-/p-cresol level was 8.08 mg/L during the last sampling event on
January 6, 2020, 140 days after the start of the molasses injection.
For the single sample collected from well SD02 following the 2019 molasses injection (on
September 9, 2019, 117 days after molasses injection), the m-/p-cresol concentration was 19.0
mg/L.

Table 5.1. m-/p-Cresol and ammonia concentrations measured in groundwater from well SU04.
Data from external laboratory analysis provided by site contractor.
Time Since Start
Date Sampled
of Molasses
(MM/DD/YYYY)
Injection (days)
9/9/2019
21
10/14/2019
56
10/28/2019
70
11/18/2019
91
12/16/2019
119
1/6/2020
140
N/A: not applicable.

m-/p-Cresol
(mg/L)
1.80
5.65
5.81
14.1
7.19
8.08

Ammonia
(mg/L-N)
N/A
325
381
495
438
465

In discussing the potential origin of precursors that may result in biological production of
the aromatic hydrocarbon toluene in groundwater following subsurface injection of readily
fermentable substrate, Moe et al. (2018) speculated that free amino acids (including aromatic
amino acids) may be released after readily biodegradable compounds are consumed and
endogenous decay of biomass occurs. In an analogous manner, release of the amino acid tyrosine
during endogenous decay of subsurface biomass could plausibly serve as the primary source of p61

cresol precursors. Deamination of amino acids would result in an increase in ammonia present in
the groundwater. In an effort to further understand the potential for endogenous decay of proteins
synthesized during microbial growth associated with the subsurface addition of molasses,
ammonia concentration was monitored in groundwater from well SU04 following the 2019
molasses injection.
Results revealed an increase in ammonia concentration from 325 mg/L-N, 56 days after
the molasses injection, to a peak of 495 mg/L-N, 91 days after the molasses injection. The
maximum observed ammonia concentration coincided with the maximum observed p-cresol
accumulation for this molasses injection event in well SU04. Additional research is needed to
further elucidate the biochemical pathways and intermediates involved in p-cresol biogenesis. The
increase in ammonia concentration at the same time there was an increase in p-cresol
concentration, however, is consistent with the theory that aromatic amino acids may be
intermediate reactants.
5.3. Laboratory Enrichment Cultures
Groundwater sampled from well SU04 on September 9, 2019 (21 days following injection
of molasses) was inoculated 5% (vol./vol.) into 30 replicates each of three different media
formulations (see Table 5.2). Media were prepared as described in Appendix A with target initial
concentrations of 350 mg/L 4-hydroxyphenylacteic acid, 350 mg/L L-tyrosine, or without phenyl
precursor. These media are hereafter referred to as HPAA-NG, TYRO-NG, and NEITHER-NG
(with NG designating no glucose, HPAA, TYRO, or NEITHER designating the phenyl-containing
precursor supplied in the medium). Serum bottles with identical media but without microbial
inoculation were prepared in triplicate to serve as abiotic negative controls. At regular intervals
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during a 45-day period for HPAA-NG and NEITHER-NG cultures and a 55-day incubation period
for TYRO-NG cultures, triplicate bottles were sacrificed to analyze p-cresol accumulation via gas
chromatography-mass spectrometry and 4-hydroxyphenylacetic acid via ion chromatography.
Groundwater employed for inoculation contained 1.8 mg/L p-cresol (see Table 5.1), which would
result in an approximate carryover of 0.09 mg/L p-cresol from inoculation of the initial enrichment
cultures.

Table 5.2. Medium formulations used to establish enrichment cultures using groundwater
sampled from well SU04 on Sept. 9, 2019.
Medium ID

Phenyl-containing precursor(s)

HPAA-NG
TYRO-NG
NEITHER-NG

350 mg/L 4-hydroxyphenylacetic acid
350 mg/L L-tyrosine
None

Glucose
concentration
(mg/L)
0
0
0

5.3.1. Enrichment Cultures in 4-Hydroxyphenylacetic acid amended PA2D medium
When groundwater from well SU04 was inoculated into medium containing 4hydroxyphenylacetic acid (HPAA-NG), following an initial lag period of approximately 10 days,
4-hydroxyphenylacetic acid was consumed at the same time p-cresol accumulated. Data are
graphically depicted in mg/L units in Figure 5.2 and molar units in Figure 5.3. As shown in the
figures, the vast majority of the 4-hydroxyphenylacetic acid had been consumed and p-cresol
produced after an incubation time of 30 days. p-Cresol was not detected (<0.5 mg/L) in any abiotic
controls.
At the end of the 45-day incubation, inoculated replicates in the HPAA-NG SU04 cultures
accumulated 230.7 ± 9.9 mg/L p-cresol, accounting for 88-96% stoichiometric conversion from 463

hydroxyphenylacetic acid to p-cresol. Conversely, p-cresol was not detected (<0.5 mg/L) in any
uninoculated abiotic controls. Inoculated bottles not supplied with either phenyl-containing
precursor (i.e., NEITHER-NG medium), the p-cresol concentration after 45 days incubation was
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Figure 5.2. p-Cresol and 4-hydroxyphenylacetic acid concentration as a function of time in the
initial SU04 enrichment cultures in HPAA-NG media in mg/L.
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Figure 5.2. p-Cresol and 4-hydroxyphenylacetic acid concentration as a function of time in the
initial SU04 enrichment cultures in NEITHER-NG media in mg/L.
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Figure 5.3. p-Cresol and 4-hydroxyphenylacetic acid concentration as a function of time in the
initial SU04 enrichment cultures in [top] HPAA-NG, and [bottom] NEITHER-NG media in
mmol/L.
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Figure 5.3. p-Cresol and 4-hydroxyphenylacetic acid concentration as a function of time in the
initial SU04 enrichment cultures in [top] HPAA-NG, and [bottom] NEITHER-NG media in
mmol/L.
In these bottles, with media not supplemented with a phenyl-containing precursor, 4hydroxyphenylacetic acid was transiently observed, with a maximum concentration of 5.5 ±4.2
mg/L (0.04 ±0.03 mM) at a time of 39 days. At the end of the 45-day incubation in medium not
supplemented with a phenyl-containing precursor, the 4-hydroxyphenylacetic acid concentration
was 1.4 ±0.5 mg/L (0.01 ±0.003 mM). Results are depicted in Figure 5.4.
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Figure 5.4. p-Cresol accumulation observed at t=45 days in [left] initial enrichment cultures
established from well SU04 and [right] abiotic controls in media amended with 350 mg/L 4hydroxyphenylacetic acid or with no phenyl precursor.
The amount of p-cresol accumulated relative to the amount 4-hydroxyphenylacetic acid
consumed on a bottle-by-bottle basis during the course of the initial enrichment culture with
groundwater from the near source zone well SU04 is shown in Figure 5.5 The slope of the best fit
(linear regression) was 0.99, similar to the 92% and 90% stoichiometric conversion observed in
the fourth generation cultures established from distal treatment zone wells SP022 and SP024 (see
section 4.4.2).
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Figure 5.5. Experimentally measured p-cresol accumulation after 45 days of incubation as a
function of 4-hydroxyphenylacetic acid consumption in mmol/L by cultures originating from well
SU04.
The replicate that accumulated the highest concentrations of p-cresol (246.6 mg/L) when
directly inoculated with SU04 groundwater, was used to propagate subsequent generations into
HPAA-NG media at 0.1% (vol./vol.). Each serial transfer was incubated for a minimum of three
weeks before subsequent serial transfer. At the end of incubation, aliquots from triplicate bottles
were analyzed via IC for remaining 4-hydroxyphenylacetic acid concentrations. Enrichment
cultures in HPAA-NG media from SU04 were successfully propagated through 3 generations and
consistently consumed 4-hydroxyphenylacetic acid supplied to below the detection limit (<0.1
mg/L 4-hydroxyphenylacetic acid remaining).
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5.3.2. Enrichment Cultures in L-tyrosine amended PA2D medium
When groundwater from well SU04 was inoculated into medium containing 350 mg/L
tyrosine (TYRO-NG), the lag period was somewhat longer and accumulation of p-cresol was much
less consistent than in medium containing 4-hydroxyphenylacetic acid. After 30 days incubation,
the concentration of p-cresol measured in triplicate serum bottles were 2.4, 8.2, and 85.4 (with
mean ±standard deviation of 32.0 ± 46.3). Triplicate samples measured on day 39 contained pcresol at concentrations of 0.8, 5.2, and 5.3 (with mean ±standard deviation of 3.8 ±2.6). At 55
days of incubation, p-cresol concentrations measured in triplicate samples were 14.1, 125.1, and
167.9 (with mean ± standard deviation of 102.4 ± 79.4 mg/L). At the end of incubation on day 60,
triplicate bottles contained 21.6, 46.5, and 241.9 mg/L p-cresol (with mean ± standard deviation
of 103.3 ± 120.7 mg/L).
The results from this study are depicted in Figure 5.6. This accumulation of p-cresol ranged
from approximately 10% conversion to near 100% stoichiometric conversion following 60 days
of incubation with a mean ± standard deviation of 49.5% ± 57.8% conversion. 4Hydroxyphenylacetic acid was transiently observed to accumulate between 10 and 39 days of
incubation, reaching an average of 10.3 ± 5.7 mg/L after 39 days of incubation. p-Cresol was not
observed in uninoculated abiotic controls.
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Figure 5.6. p-Cresol and 4-hydroxyphenylacetic acid concentration as a function of time in timeseries experiment of initial SU04 enrichment cultures in TYRO-NG medium.
The TYRO-NG replicate inoculated directly with SU04 groundwater that accumulated the
highest concentration of p-cresol (167.9 mg/L) after 55 days incubation was used as the inoculum
(0.1% vol./vol.) in an effort to propagate a second-generation culture in TYRO-NG medium.
Thirty replicates of the second-generation were inoculated, with triplicate bottles sacrificed at
various time intervals. Serum bottles with identical medium but without microbial inoculation
were prepared in triplicate to serve as abiotic negative controls. An important difference in the
analysis conducted for the second-generation TYRO-NG culture is that the GC-MS method was
modified to use selective ion monitoring that would allow for detection and quantification of
phenol (which was not monitored in the first-generation experiment) in addition to p-cresol. 4Hydroxyphenylacetic acid was measured via ion chromatography as in the first-generation culture.
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Phenol was quantified to determine if it was an additional metabolite in the TYRO-NG cultures as
it has been reported that certain bacteria are capable of transforming L-tyrosine into phenol in
addition to p-cresol (Saito et al., 2018).
As shown in Figure 5.7, after a lag period of approximately 5 days, both phenol and pcresol accumulated in the cultures. Phenol accumulated to a considerably higher concentration
than p-cresol. The phenol concentration was 81.2 ± 1.7 mg/L after 60 days of incubation and the
highest observed concentration was 92.7 mg/L in one replicate on day 29. The phenol observed on
day 60 accounted for 44.7 ± 0.9% of the starting tyrosine.
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Figure 5.7. Phenol, p-cresol, and 4-hydroxyphenylacetic acid concentration as a function of time
in time-series experiment of second-generation SU04 enrichment cultures in TYRO-NG media.

72

Alternatively, p-cresol concentrations remained relatively low and appeared to increase
only slightly over time. The maximum p-cresol concentration was observed at the end of the 60
days of incubation. The p-cresol concentration was 3.9 ± 1.4 mg/L, representing 1.9 ± 0.7%
stoichiometric conversion from tyrosine. No phenol, p-cresol, or 4-hydroxyphenylacetic acid was
observed in any of the abiotic controls.
At the end of the 60-day incubation period for the second-generation TYRO-NG culture,
a replicate was used to serially transfer the culture. Serum bottles of the third-generation culture
were analyzed in triplicate after 22 days of incubation and were found to contain 7.7 ± 13.1 mg/L
p-cresol and 47.1 ±11.5 mg/L phenol. TYRO-NG cultures were serially transferred through five
generations and were observed to accumulate 3.9 ± 1.4 mg/L, 3.3 ± 0.5 mg/L, and 3.4 ± 0.5
mg/L p-cresol in generations 3, 4, and 5 respectively. The cultures were observed to accumulate
81.2 ± 1.7 mg/L, 73.3 ± 1.6 mg/L, and 46.7 ± 1.0 mg/L phenol in generations 3, 4, and 5
respectively. These concentrations represent 1.7% stoichiometric conversion to p-cresol and
36.9% stoichiometric conversion to phenol from tyrosine. Results are depicted in Figure 5.8.
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Figure 5.8. p-Cresol and phenol accumulation observed in enrichment cultures from well SU04
through three generations in media amended with 350 mg/L L-tyrosine. Phenol was not quantified
in first-generation cultures.
5.4. Further Compound Identification: p-Cresol Analysis
In an effort to separate, identify, and quantify the cresol isomers observed to accumulate
in the field and laboratory studies, analyses were performed utilizing three methods to distinguish
between the isomers as described in chapter 4 experiments. Gas-chromatography massspectrometry analysis was performed in the LSU laboratory using the Zargar et al. (2016) method
for semivolatiles for a subset of groundwater and laboratory enrichment culture samples.
Groundwater samples were analyzed in parallel with the Zargar et al. (2016) samples by a certified
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analytical laboratory using EPA Method 8270C. Finally, high performance liquid chromatography
analysis was performed on a subset of the groundwater and enrichment cultures in the LSU
laboratory. The results from these analyses are described in the following three subsections.
5.4.1. GC-MS: Further Analysis and Mass Spectra
A subset of samples (n=6) was tested on full scan mode in an effort to distinguish between
m- and p-cresol isomers as described in Section 3.3.2. The mass spectrum of the same analytical
grade p-cresol (≥99.0% purity) standard as described in Section 4.5.1, shown in the top panel of
Figures 5.10 and 5.12, was used for comparative analysis against groundwater and enrichment
culture samples. The NIST WebBook mass spectra for p-cresol and m-cresol (shown in Figure 3.1)
were also used to compare against mass spectra to further distinguish between the m- and p- cresol
isomers.
Groundwater samples used to inoculate enrichment cultures from well SU04 were analyzed
in duplicate for the characteristic ion elution time, shown in Figure 5.9, and for the mass spectra,
shown in Figure 5.10. Characteristic ions coeluted at 8.64 minutes as in the p-cresol standard and
the mass spectra for each sample have the highest abundance of m/z 107, followed by 108 and 77
m/z.
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Figure 5.9. Characteristic ions with m/z of 107, 108, and 77 were monitored in groundwater
samples from well SU04 via GC-MS on full scan mode using the Zargar et al. (2016) thermal
program. Ions shown to coelute at 8.64 minutes.
The m/z spectra match the characteristic ions observed in the analytical grade p-cresol
standard to a high degree, and the characteristic ions of p-cresol appear to be present in the same
relative abundances in the p-cresol standard and in the groundwater samples. Likewise, these
spectra resemble the NIST WebBook entry for p-cresol over m-cresol. These findings indicate that
p-cresol is likely the most abundant cresol isomer that accumulated in the groundwater and the
enrichment cultures from well SU04 in these samples.
76

Figure 5.10. GC-MS Full scan mass spectra of [top] 50 mg/L p-cresol and [bottom] groundwater
from well SU04 sampled on September 9, 2019.
A NIST library search was conducted, and the top two NIST Library matches for the SU04
groundwater samples are listed in Table 5.3. The top two match qualities for these samples were
equivalent to the highest match quality determined for the p-cresol analytical standard, indicating
with high confidence that the most abundant isomer in the groundwater was p-cresol.

Table 5.3. Summary of top two matches from NIST Library for analytical p-cresol standard and
SU04 groundwater sample analyzed on GC-MS Full Scan mode using Zargar (2016) method for
semivolatiles.
Sample Type
50 mg/L p-cresol
standard
SU04 Groundwater
sampled 9/9/2019

Match Quality
97
95
97
97
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Top Matches
p-cresol
p-cresol
p-cresol
p-cresol

HPAA-NG and TYRO-NG cultures established from SU04 were also analyzed in
duplicate. Characteristic ions elution times are depicted in Figure 5.11 and mass spectra are shown
in Figure 5.12.

Figure 5.11. Characteristic ions with m/z of 107, 108, and 77 were monitored in [left] HPAA-NG
and [right] TYRO-NG enrichment culture samples from well SU04 via GC-MS on full scan mode
using the Zargar et al. (2016) thermal program.
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The characteristic ions in the HPAA-NG cultures coeluted at 8.64 minutes and at 8.67
minutes in the TYRO-NG cultures, all in close agreement with the elution time observed in a pcresol standard. Each of the sample’s characteristic ions coeluted at or very near 8.64 minutes with
the greatest deviation of 0.03 minutes (1.8 seconds) in the SU04 TYRO-NG samples. Analogous
to the DTZ findings, the mass spectra of the enrichment cultures are comparable to the p-cresol
standard and characteristic ions were present in relative abundances in agreement with the p-cresol
NIST Webbook entry.

Figure 5.12. Mass spectra of [top] 50 mg/L p-cresol standard, [middle] HPAA-NG enrichment
culture, and [bottom] TYRO-NG enrichment culture from well SU04 sampled on September 9,
2019.
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A NIST library search was conducted for both enrichment culture samples and the top two
NIST Library matches for each are provided in Table 5.4. The match quality for the HPAA-NG
enrichment cultures is identical to the analytical standard and the TYRO-NG enrichment culture
match qualities were slightly lower, at 94 and 92, but overall, these findings provide compelling
evidence of the presence of p-cresol in the enrichment cultures.

Table 5.4. Summary of top two matches from NIST Library for each enrichment culture
analyzed on GC-MS Full Scan mode using Zargar (2016) method for semivolatiles.
Media Type

Well ID

350HPAA-NG

SU04

350 TYRO-NG

SU04

Match Quality
97
95
94
92

Top Matches
p-cresol
p-cresol
p-cresol
p-cresol

The results from these analyses indicate the presence of p-cresol in the groundwater and
enrichment cultures tested from the Near Source Zone with relatively high confidence. The
following two subsections provide independent lines of evidence to further confirm the identity of
the cresol isomer found in these samples.

5.4.2. Mass Spectra from EPA Method 8270C
The groundwater sample used to inoculate the SU04 enrichment cultures was analyzed
using EPA method 8270C by a certified analytical laboratory in parallel with the Zargar et al.
(2016) method. Characteristic ions were monitored as described in the previous subsection.
Characteristic ions having m/z of 108, 107, and 77 were monitored and mass spectra
observed at the time of characteristic ion coelution are shown in Figures 5.13 and 5.14,
respectively. The characteristic ions coeluted at 2.883 minutes, within approximately 3.1 seconds
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of the elution time of monitored ions observed for samples in the DTZ (see chapter 4). The mass
spectra observed at 2.883 minutes shares features consistent with the NIST WebBook entry for pcresol.
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Figure 5.13. Characteristic ions having m/z of 107, 108, and 77 were monitored using EPA method
8270C by a certified analytical laboratory for groundwater samples taken at the same time as those
used to inoculate SU04 laboratory enrichment cultures. Data from external laboratory analysis
provided by site contractor.
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Figure 5.14. Mass spectra for groundwater sampled from well SU04 on September 9, 2019. Data
from external laboratory analysis provided by site contractor.
5.4.3. High Performance Liquid Chromatography Analysis
A subset of the samples (n=8) was analyzed using High-Performance Liquid
Chromatography (HPLC) as described in Section 3.3.2. Certified analytical standards of phenol,
m-cresol, and p-cresol were incorporated into the start and end of each run and samples were
processed in an identical manner to those described in Section 4.5.3.
Undiluted aliquots of groundwater from SU04 which were sampled at the same time as
those used to inoculate the enrichment were analyzed via HPLC. Figure 5.15 shows the largest
peak in the groundwater sample corresponding to the p-cresol peak in the certified analytical
standard. No phenol or m-cresol was detected (<1 mg/L).
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Figure 5.15. HPLC Chromatograms showing separation of phenolic compounds- phenol, m-cresol,
and p-cresol. Analytical standard containing [top] 40 mg/L phenol, m-cresol, and p-cresol each
and [bottom] groundwater from well SU04 sampled on September 9, 2019.
Three enrichment cultures that were established with groundwater from well SU04 and
successfully propagated through three generations in 350 mg/L HPAA-NG media were diluted 1:5
and a select chromatogram from those analyzed is shown in Figure 5.16. The retention time for
the peak in the HPAA-NG enrichment cultures closely matches the retention time for the p-cresol
standard, which was clearly separated from m-cresol.
The p-cresol concentration was 112.2 ± 52.4 mg/L, representing 45.1 ± 21.1% conversion
from 4-hydroxyphenylacetic acid. The same unidentified peak described in Section 4.5.3 appears
in these samples and was again assumed not to be phenol or m-cresol. If this assumption is correct,
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neither phenol nor m-cresol was detected (less than 1mg/L) in any of the cultures tested that were
incubated in HPAA-NG media.

Figure 5.16. HPLC Chromatograms showing separation of phenolic compounds- phenol, m-cresol,
and p-cresol. Analytical standard containing [top] 75 mg/L phenol, m-cresol, and p-cresol each
and [bottom] a laboratory enrichment culture in HPAA-NG media established with groundwater
from well SU04 sampled on September 9, 2019.
Three enrichment cultures that were established with groundwater from well SU04 and
successfully transferred through five generations in 350 mg/L TYRO-NG media were tested at full
strength. Chromatograms for select samples are shown in Figure 5.17. Tyrosine, phenol, and pcresol were detected in all samples and significant variation in the relative concentrations of these
compounds was observed from sample to sample.
p-Cresol concentrations in these cultures averaged 5.1 ± 1.6 mg/L. m-Cresol was not
detected in any of the samples. Phenol levels averaged 10.3 ± 6.8 mg/L and tyrosine was 92.2 ±
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71.7 mg/L. The large concentration of remaining tyrosine in these cultures can explain the far
below stoichiometric conversion to metabolites observed in both DTZ and NSZ cultures in TYRONG media.

Figure 5.17. HPLC Chromatograms showing separation of phenolic compounds- phenol, m-cresol,
p-cresol, and tyrosine. Analytical standard containing [top] 75 mg/L phenol, m-cresol, and p-cresol
each, standard containing [middle] 75 mg/L tyrosine, and [bottom] a laboratory enrichment culture
in TYRO-NG media established from groundwater from well SU04 sampled on September 9,
2019.
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Each of the three analytical techniques employed in an effort to distinguish between the m/p-cresol isomers described above clearly indicate that p-cresol was the isomer produced by
indigenous microbial cultures in the Near Source Zone. Likewise, m-cresol was not detected in
any sample, confirming that it comprises a negligible component of the concentration of cresol
observed in the field as well as in the laboratory.
5.5. Discussion and Conclusions
This chapter describes the observations and analysis of groundwater samples taken from
well SU04 in the near source zone (NSZ) area of a south Louisiana superfund site following a
subsurface injection of molasses intended to stimulate anaerobic reductive dechlorination of
halogenated alkanes and alkenes. Field observations indicated an increase of p-cresol
concentration in the groundwater following molasses injection. Enrichment cultures established
by inoculating groundwater into media supplemented with 4-hydroxyphenylactic acid or Ltyrosine produced p-cresol in the laboratory. Enrichment cultures amended with L-tyrosine were
observed to accumulate phenol in addition to p-cresol. While the HPAA-NG cultures consistently
transformed 4-hydroxyphenylacetic acid to p-cresol with near stoichiometric conversion, the Ltyrosine cultures exhibited considerable variability in p-cresol accumulation and also accumulated
considerable concentrations of phenol.
Groundwater studies of well SU04 revealed an increase in phenol concentration following
the 2019 molasses injection indicating that biologically-mediated production of phenol as well as
p-cresol may occur at the field site. The phenol concentration was estimated to be 0.05 mg/L [a
level between the method detection limit (MDL) of 5 µg/L and limit of quantitation (LOQ) of 100
µg/L] at a time of 21 days following the molasses injection and was observed to reach as high as
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1.56 mg/L at a time of 119 days following the molasses injection. p-Cresol levels were 1.8 mg/L
and 7.2 mg/L at these times, respectively, indicating that p-cresol production may have been
favorable over phenol under in situ conditions. The laboratory enrichment culture results indicate
that microbially mediated phenol production could account for the levels of phenol observed in
field monitoring in addition to the observed p-cresol levels.
Although m- and p-cresol are not easily separated in many gas chromatography methods
(including those employed here), the analysis of mass spectra combined with HPLC analysis
showed that p-cresol was indeed the isomer present in the groundwater and enrichment culture
samples.
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CHAPTER 6. OVERALL CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE RESEARCH
6.1. Overall Conclusions
The results from the experiments described in this thesis provide compelling evidence that
p-cresol was biologically produced by in situ microbial populations in groundwater following
subsurface injection of molasses intended to stimulate anaerobic reductive dechlorination of
halogenated alkanes and alkenes.
Analysis of the mass spectra combined with HPLC analysis unequivocally showed
evidence of p-cresol accumulation in the molasses amended groundwater and in the enrichment
cultures amended with 4-hydroxyphenylacetic acid or L-tyrosine established using the
groundwater from wells in the Distal Treatment Zone and Near Source Zone of the south Louisiana
Superfund site, indicating that both compounds can serve as precursors. The experiments
conducted in this research provide clear evidence that the indigenous microbial communities from
select wells in both the Distal Treatment Zone and Near Source Zone were able to produce and
accumulated p-cresol with a high correlation between 4-hydroxyphenylacetic acid consumption
and p-cresol accumulation.
Enrichment cultures amended with L-tyrosine were observed to accumulate phenol in
addition to p-cresol in both the Distal Treatment Zone and Near Source Zone. The laboratory
enrichment culture studies conducted in this research demonstrate that microbially mediated pcresol and phenol production could easily account for levels observed in field monitoring.
Further research is needed to fully assess the hazards that may be posed by p-cresol
production during efforts to stimulate anaerobic reductive dechlorination through addition of
electron donors at the site reported on in this thesis and at other sites employing similar practices.
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Determining the long-term fate and transport of p-cresol beyond the injection area of the study site
was not attempted in this thesis research. As discussed in chapter 2 of this thesis, p-cresol is known
to be biodegradable under both aerobic and anaerobic conditions. Nevertheless, field data indicate
that p-cresol can temporarily increase to relatively high concentrations (tens of mg/L), at least in
close proximity to injections wells. To evaluate the potential hazard that this may pose, for
illustrative purposes, the hazard index (HI) was calculated based on the highest concentration
observed at the site (62.3 mg/L in well SP013 sampled July 27, 2016) using the provisional
subchronic reference dose (p-RfD) reported for p-cresol by the EPA (0.02 mg/kg/d). Daily
consumption of 2.3 L per day, consistent with a future residential-use scenario (US EPA, 1989),
by a human with mass 65.4 kg would result in a dose of 2.19 mg/kg/d and a corresponding Hazard
Index of 109.5. While this exposure scenario may not be realistic for the current study site given
the current lack of drinking water wells in the vicinity of the substrate injection locations and the
fact that the presence of color and odor in the molasses-amended groundwater may deter human
consumption, it demonstrates that p-cresol production may pose a hazard. Appropriate controls
and monitoring should be considered when a readily fermentable substrate is injected into the
subsurface intended to stimulate reductive dechlorination.
6.2. Recommendations for Future Research
Further research is needed to elucidate the mechanism of p-cresol production that occurs
as a result of the subsurface molasses injection at this site. It has been speculated that endogenous
decay of microbial plumes that proliferate following an increase in easily fermentable substrate
provide the direct precursor(s) for p-cresol biogenesis. Studies to characterize the source of
potential precursors would be beneficial. Analysis of amino acids and organic acids in the
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groundwater may also aid in further elucidating the metabolic pathway(s) resulting in p-cresol
accumulation. Studies such as these could potentially aid in determining site conditions and
remediation practices that may limit p-cresol accumulation. Practically, knowledge of these
processes can serve to better inform those employing bioremediation strategies and optimize the
efficiency of the strategies employed at this and other contaminated sites.
Studies to assess the fate and transport of p-cresol and toluene are recommended. Similarly,
further research is recommended to identify the microorganism(s) responsible for the biogenesis
of p-cresol at the superfund site and to assess the extent to which p-cresol production occurs at
other sites that employ similar bioremediation strategies. Analysis of the indigenous microbial
community structure and diversity changes over time in as they are enriched for p-cresol producers
via DNA based assays could indicate the potential responsible microorganisms. Isolation of the
culture could then be carried out in order to further characterize the culture and potentially
determine which enzymes are responsible for p-cresol production. Results from these studies could
aid in testing at this and other sites to determine if p-cresol accumulation is likely to occur.
Likewise, similar studies into p-cresol degraders can shed light on whether p-cresol accumulation
of this magnitude is likely to be persistent in the groundwater or if it is readily metabolized.
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APPENDIX A. PROTOCOL FOR PREPARATION OF MEDIUM AND
STOCK SOLUTIONS
Protocol for preparation of “Zargar (2016) PA2D Medium” with phenyl precursor
Boil Milli-Q water for 20 minutes. Start with roughly double the volume of water that will
be needed. Add the following constituents to a clean 500 mL glass serum bottle:
Constituent

Quantity per 0.35 L

KH2PO4

87.5 mg

NH4Cl

119 mg

KCl
HEPES Sodium salt
Glucose

119 mg
1640 mg
350 mg

MgCl2∙6H2O

350 mg

MgSO4∙7H2O

35 mg

CaCl2∙2H2O

43.8 mg

Phenyl precursor
122.5 mg
1 g/L Yeast extract stock solution
3.5 mL
Trace element stock solution
0.175 mL
*Note: For gradient concentration experiments, 4-hydroxyphenylacetic acid will be
added for a final concentration range of 0-2000 mg/L 4-hydroxyphenylacetic acid
Measure out 350 mL of water using a graduated cylinder and carefully pour the water into
the serum bottle containing all of the constituents. Immediately after adding the water, seal the
serum bottle with an orange butyl rubber stopper and aluminum cap and crimp closed. Insert a
yellow 20 G needle into the butyl rubber stopper to act as a vent and then insert a clean 6” stainless
steel needle connected to an O2 -free gas cylinder (95% N2: 5% CO2) into the butyl rubber stopper
until it reaches near the bottom of the liquid. Open the gas cylinder all the way and purge the bottle
for 7 minutes. Withdraw the vent needle and then withdraw the stainless-steel needle 1-2 seconds
later. Close the gas cylinder. Autoclave to sterilize (use liquids cycle, 121°C, 15 min, 1.43 atm).
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After bottles are finished autoclaving and cooled to room temperature, bring the bottles
onto the clean bench. Sanitize the butyl stoppers with ethanol and allow to dry for about a minute.
Use a 1 mL syringe and 27 G grey needle to add 0.1 mL of the B12 stock solution per 350 mL of
medium. Dispense media into sterile serum bottles and seal with sterile butyl rubber stoppers and
crimp caps using aseptic and strictly anaerobic technique. Purge gas headspace for 30 seconds for
25 mL glass serum bottles and for 5 minutes for 168 mL glass serum bottles.

Protocols for Preparation of Stock solutions used in preparing “Zargar (2016) PA2D
Medium”
Yeast Extract Solution (100×)
Boil Milli-Q water for 20 minutes. Start with roughly double the volume of water that will
be needed. Measure out 100 mg of yeast extract [Bacto Yeast Extract REF 212750] and add to a
clean 168 mL glass serum bottle. After Milli-Q water has boiled for 20 minutes, measure out 100
mL of water with a graduated cylinder and use a small funnel to add the water to the serum bottle
containing the yeast extract. Immediately after adding the water, seal the serum bottle with a grey
butyl rubber stopper and aluminum cap and crimp closed. Insert a yellow 20 G needle into the
butyl rubber stopper to act as a vent and then insert a clean 6” stainless steel needle connected to
an O2 -free gas cylinder (95% N2: 5% CO2) into the butyl rubber stopper until it reaches near the
bottom of the liquid. Open the gas cylinder all the way and purge the bottle for 5 minutes.
Withdraw the vent needle and then withdraw the stainless-steel needle 3-4 seconds later. Close the
gas cylinder. Autoclave to sterilize.
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Trace element stock solution by Zargar et al. (2016) (2000×)
Boil Milli-Q water for 20 minutes. Start with roughly double the volume of water that will
be needed. Add the following constituents to a clean 500 mL glass serum bottle:
Constituent

Quantity per 400 mL of water

FeSO4∙7H2O

840 mg

MnCl2∙4H20

40 mg

CoCl2∙6H2O

76 mg

ZnCl2

28 mg

NiCl2

5.2 mg

CuCl2∙2H2O

0.8 mg

Na2MoO4∙2H2O

14.4 mg

H3BO3
2.4 mg
(37%) HCl
3.32 mL
* (37%) HCl: In vent hood, use a 1 mL serological electrical pipette to measure.
After Milli-Q water has boiled for 20 minutes, measure out 400 mL of water using a
graduated cylinder and use a small funnel to add the water to the serum bottle containing all of the
constituents. Immediately after adding the water, seal the serum bottle with an orange butyl rubber
stopper and aluminum cap and crimp closed. Insert a black 22 G needle into the butyl rubber
stopper to act as a vent and then insert a clean 6” stainless steel needle connected to an O2 -free
gas cylinder (95% N2: 5% CO2) into the butyl rubber stopper until it reaches near the bottom of
the liquid. Open the gas cylinder all the way and purge the bottle for 5 minutes. Withdraw the vent
needle and then withdraw the stainless-steel needle 3-4 seconds later. Close the gas cylinder.
Autoclave to sterilize.
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Protocol for preparation of B12 Stock Solution (5000×)
Boil Milli-Q water for 20 minutes. Start with roughly double the volume of water that will
be needed- in this case 100 mL is needed. Measure out 10 mg of B12 powder (Sigma-Aldrich
CAT# V2876-100mg) and add to a 100 mL beaker. After Milli-Q water has boiled for 20 minutes,
cool it to below 60° and add 100 mL to the beaker containing the B12 powder. Use a stirring hot
plate and a clean magnetic bar to stir until completely mixed. At the clean bench, use a sterile 10
mL syringe and sterile 0.2 μm syringe filter (Fisher 09-719C) to syringe filter the B12 solution
into a sterile 168 mL glass serum bottle. Using sterilized tweezers, put a sterile grey butyl rubber
stopper on the bottle. Place an aluminum crimp cap on the bottle and crimp closed. Cover the bottle
with aluminum foil to protect the B12 from photodegradation and store in refrigerator.

Protocol for Preparation of Standard Stock Solutions
p-Cresol Stock Solution (5000 mg/L)
Add 250 mg of p-cresol (Aldrich 61030-25G-F, ≥99.0% purity), to a clean 50 mL
volumetric flask. Add deionized water (Milli-Q) to reach a final volume of 50 mL. Stopper flask
and invert 25 times to ensure p-cresol is completely dissolved and well mixed. Transfer solution
to a glass serum bottle and seal with Teflon-lined septa. Store in the refrigerator.

Phenol Stock Solution (5000 mg/L)
Add 250 mg of phenol (Sigma Aldrich P5566-25G, ≥99.5% purity) to a 50 mL volumetric
flask. Add deionized water (Milli-Q) to reach a final volume of 50 mL. Stopper flask and invert
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25 times to ensure phenol is completely dissolved and well mixed. Transfer solution to a glass
serum bottle and seal with Teflon-lined septa. Store in the refrigerator.
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APPENDIX B. GROUNDWATER CONTAMINANT AND
GEOCHEMISTRY DATA
Contaminant and Geochemistry Data from the Distal Treatment Zone
Table B1. Contaminant concentrations measured in groundwater used to establish enrichment
cultures from the Distal Treatment Zone. Data from external laboratory analysis provided by site
contractor.
Analyte*

SP013

SP022

SP024

a

<1.00a

1,1,2-Trichloroethane(ug/L)

174

<2.00

1,1-Dichloroethane (ug/L)

<2.00a

<2.00a

<1.00a

1,2-Dichlorobenzene (ug/L)

<2.00a

<2.00a

<1.00a

1,2-Dichloroethane (ug/L)

27.30

<2.00a

<1.00a

1,2-Dichloropropane (ug/L)

110.00

<2.00a

4.41J

1,3-Dichlorobenzene (ug/L)

<2.00a

<2.00a

<1.00a

1,4-Dichlorobenzene (ug/L)

<2.00a

<2.00a

2.54J

Benzene (ug/L)

<2.00a

<2.00a

<1.00a

Chlorobenzene (ug/L)

<2.00a

<2.00a

<1.00a

Chloroform (ug/L)
cis-1,2-Dichloroethene (ug/L)

<2.00a
47.1

<2.00a
16.9

<1.00a
12.4

Ethylbenzene (ug/L)

<2.00a

<2.00a

2.79J

34.9
120

30.6
14.1

<1.00a
16.8

<2.00a

13.2

4.91J

10.1
88.7

<2.00a
14.20

3.17J
8.86

Vinyl chloride (ug/L)
m-/p-Cresol (ug/L)

<2.00a
13300

<2.00a
1740

12
473

o-Cresol (ug/L)

<52.1a

<25.3a

<5.05a

Methylene chloride (ug/L)
Tetrachloroethene (ug/L)
Toluene (ug/L)
trans-1,2-Dichloroethene (ug/L)
Trichloroethene (ug/L)

Phenol (ug/L)
242J
59.0J
11.7J
*VOCs analyzed using US EPA Method 8260B and SVOCs analyzed using EPA
Method 8270C
J
Estimated Value (result between the method detection limit and limit of quantitation)
a

Denotes upper detection limit, therefore maximum concentration possible
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Table B2. Geochemical parameters measured in groundwater used to establish enrichment
cultures from the Distal Treatment Zone. Data from external laboratory analysis provided by site
contractor.
Analyte*

SP013

SP022

SP024

1.33
2.45
8460

0.755J
8.68
8180

0.831J
6.15
5070

Nitrate (mg/L-N)

0.5

0.2J

<0.008a

Nitrite (mg/L-N)
Sulfate (mg/L)
Chloride (mg/L)

<0.2a
25.9
154

0.7
20.7
85.9

0.058
9.30
101

Ethane (ug/L)
Ethene (ug/L)
Methane (ug/L)

Total Alkalinity (mg/L CaCO3)
332
<0.26a
Ferrous Iron (mg/L)
89.9
56.7
Sulfide (mg/L)
0.436
0.449
Total Organic Carbon (mg/L)
3750
2500
*Analyzed as described in Chapter 3.2 of this thesis
** data not available
J
Estimated Value (result between the method detection limit
and limit of quantitation)
a
Denotes upper detection limit, therefore maximum
concentration possible
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490
89.3
20.2
2270

Contaminant and Geochemistry Data from the Near Source Zone
Table B3. Contaminant concentrations measured in groundwater collected from well SU04. Data
from external laboratory analysis provided by site contractor.
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Table B4. Geochemical parameters measured in groundwater collected from well SU04. Data
from external laboratory analysis provided by site contractor.
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APPENDIX C. COPYRIGHTS CLEARANCE AND PERMISSION
STATEMENTS
The permission below applies to Figure 2.1 in Chapter 2.
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The permission below applies to Figure 2.2 in Chapter 2.
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